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Morphological Plasticity of Astroglia:
Understanding Synaptic Microenvironment
Janosch P. Heller and Dmitri A. Rusakov
Memory formation in the brain is thought to rely on the remodeling of synaptic connections which eventually results in neural
network rewiring. This remodeling is likely to involve ultrathin astroglial protrusions which often occur in the immediate vicin-
ity of excitatory synapses. The phenomenology, cellular mechanisms, and causal relationships of such astroglial restructuring
remain, however, poorly understood. This is in large part because monitoring and probing of the underpinning molecular
machinery on the scale of nanoscopic astroglial compartments remains a challenge. Here we briefly summarize the current
knowledge regarding the cellular organisation of astroglia in the synaptic microenvironment and discuss molecular mecha-
nisms potentially involved in use-dependent astroglial morphogenesis. We also discuss recent observations concerning mor-
phological astroglial plasticity, the respective monitoring methods, and some of the newly emerging techniques that might
help with conceptual advances in the area.
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Introduction
M
uch to the surprise of many classically trained neuro-
physiologists, over the past few decades experimental
evidence has emerged implicating electrically passive astroglia in
rapid information transfer and possibly memory trace formation
in the brain (Fields et al., 2014; Weaver, 2012). This line of
thought has not been without controversy, however, mainly
because our knowledge about the fundamentals of astroglial
structure and physiology has fallen far behind what we know
about nerve cells and their networks. Unlike neurons, astrocytes
tend to have a sponge-like morphology and occupy adjacent yet
nonoverlapping tissue domains throughout the synaptic neuro-
pil. In many instances, excitatory synapses are approached or
surrounded by fine astrocytic protrusions, often termed perisy-
naptic astrocytic processes (PAPs). Although PAPs can be found
at around 60% of synapses in the brain, the extent to which
they enwrap synaptic structures can vary widely. Experimental
evidence has been emerging suggesting that the synaptic astro-
glial coverage is dynamic and can be influenced by the animal’s
physiological state, local neuronal activity, induction of synaptic
plasticity, or by certain behaviour.
Because structural remodeling of synapses is thought to
be a basis for learning and long-term memory formation in
the brain (Chklovskii et al., 2004; Kwon and Sabatini, 2011),
the use-dependent morphological plasticity of PAPs is of spe-
cial interest. However, the cellular architectural basis and the
molecular machinery that are causal to physiological and
morphogenetic events inside PAPs remain an enigma. It
appears that the main reason for this uncertainty is the extra-
ordinary small size of PAPs which is not only prohibitive for
direct experimental probing but also imposes significant spa-
tial restrictions on the local intracellular organization
involved. Experimental advances in this direction are only
beginning to emerge. The present review will discuss the up-
to-date observations and concepts focusing on microscopic,
sometimes nanoscopic, organization of astroglia, particularly
in the vicinity of excitatory synapses. We will survey candi-
date molecular signaling mechanisms that could trigger and
support astroglial morphogenesis on the small scale. A brief
analysis will be given to the technical limitations in monitor-
ing the reshaping of ultrathin astroglial structures such as
PAPs. Finally, we will discuss novel methodological
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unattainable insights into the fine molecular architecture of
astrocytes.
Molecular Makeup of Perisynaptic Astroglial
Processes: Major Players
Widely considered as an active partner of the tripartite syn-
apse (Haydon, 2001; Perea et al., 2009), astroglial protrusions
including PAPs seem to express a battery of proteins that are
important for maintaining efficient synaptic transmission
(Dityatev and Rusakov, 2011; Halassa et al., 2007a). Among
these, immunoelectron microscopy (EM) and related methods
have identified glutamine synthetase (Fig. 1A) (Derouiche
and Frotscher, 1991), metabotropic glutamate receptors
(mGluRs) (Fig. 1B) (Arizono et al., 2012; Lavialle et al.,
2011; Tamaru et al., 2001), aquaporins (Fig. 1C) (Nagelhus
et al., 2004; Thrane et al., 2011), inwardly rectifying potas-
sium channels Kir4.1 (Fig. 1C) (Higashi et al., 2001; Nagel-
hus et al., 2004), glutamate transporters (Fig. 1D) (Chaudhry
et al., 1995; Haugeto et al., 1996; Lehre and Danbolt, 1998),
metabotropic gamma-aminobutyric acid (GABA)B receptors
(Charles et al., 2003), actin-binding proteins (Lavialle et al.,
2011; Molotkov et al., 2013), and cell adhesion molecules
(Theodosis, 2002). Powerful, high-affinity glutamate uptake
(Danbolt, 2001), extracellular potassium buffering, and man-
aging energy supply to neurons have been long-established,
classical functions of astroglia (Kimelberg, 2010; Newman,
1993; Suzuki et al., 2011) which are likely to occur in the
synaptic proximity. More recently, it has been shown that
astrocytes release a number of signaling molecules (gliotrans-
mitters) such as glutamate (Bezzi et al., 2004), D-serine (Hen-
neberger et al., 2010; Panatier et al., 2006), adenosine
triphosphate (ATP) (Cao et al., 2013), and tumour necrosis
factor (TNF)-a (Stellwagen and Malenka, 2006), which could
in some cases exert regulatory influences on the nearby synap-
ses. The molecular organization of the release machinery
involved, however, remains unclear.
EM studies employing three-dimensional reconstruction
techniques have identified PAPs around most synaptic types,
in various brain regions (see below). Their leaf-like, ultrathin
shapes correspond to a large surface-to-volume ratio thus sug-
gesting the propensity to local chemical compartmentalization
(Rusakov et al., 2011). It appears that in most cases, mito-
chondria, microtubules and endoplasmic reticulum are virtu-
ally absent from PAPs (Bernardinelli et al., 2014a;
Reichenbach et al., 2010). Recently, quantitative three-
dimensional EM data have suggested that cellular organelles
associated with Ca
21 signaling indeed tend to occur inside
astroglia at some distance from the nearby excitatory synapses
(Patrushev et al., 2013). However, PAPs do seem to contain
individual ribosomes and glycogen granules, together with
actin and actin binding proteins (Bernardinelli et al., 2014a;
Derouiche and Frotscher, 2001; Fiala et al., 2003; Molotkov
et al., 2013; Safavi-Abbasi et al., 2001; Seidel et al., 1995).
Moreover, recent results illustrate that despite general believe,
fine astrocyte processes do contain some types of calcium
FIGURE 1: Astrocytes express various receptor types in their perisynaptic processes. (A) Silver-enhanced (small grains) glutamine
synthetase-positive glial processes in the stratum lacunosum-moleculare of CA1 region of the hippocampus. Finger-like extensions of
the glial processes at both sides of the spine (arrows) isolating these synaptic structures from the surrounding neuropil. s: spine.
Adapted from (Derouiche and Frotscher, 1991). (B) Extremely fine PAPs (<100 nm, small arrows) ensheating pre- and/or postsynaptic
elements (bold arrow in B1 pointing at synaptic cleft); mGluR2/3 (B1) and mGluR5 (B2) are present close to the synapse. Adapted from
(Lavialle et al., 2011). (C) Double-immunogold labeling of Kir4.1 (small particles, arrows) and aquaporin 4 (large particles) in vitreal peri-
synaptic M€ uller cell membranes (denoted M) surrounding photoreceptor terminals (Pt). Adapted from (Nagelhus et al., 1999). (D) Double
labeling of astrocytic processes demonstrating co-localization of GLT-1 (small particles) and GLAST (large particles) (*) in rat hippocam-
pus. S: dendritic spines; t: nerve terminals. Adapted from (Haugeto et al., 1996). Scale bars: 0.5 mm (B), 0.5 mm (C), 0.3 mm (D).
2 Volume 00, No. 00stores and sinks as seen with EM (Lovatt et al., 2007; Sah-
lender et al., 2014; Volterra et al., 2014).
Subtypes and Brain-Region Specificity of
Astroglia
In the rodent brain one can distinguish two main types of
astrocytes: fibrous and protoplasmic (Gallo and Deneen,
2014; Rodnight and Gottfried, 2013). The fibrous type cells
occur in the white matter and are thought to promote myeli-
nation of axons through interaction with oligodendrocytes
(Lundgaard et al., 2014; Molofsky et al., 2012). Protoplasmic
astroglia are found in the synaptic neuropil; the present
review is primarily focused on this astrocyte type (Fig. 2A).
In addition to these two large classes of astrocytes, two addi-
tional subtypes have been identified in the brain of primates:
interlaminar and varicose projection astrocytes (Colombo and
Reisin, 2004; Colombo et al., 1995; Oberheim et al., 2009;
Sosunov et al., 2014). Interlaminar astrocytes are found in
the upper cortical layers from which they extend long glial
fibrillary acidic protein (GFAP)-positive processes through
layers 2–4 (Colombo and Reisin, 2004; Colombo et al.,
1995; Oberheim et al., 2009). The recently identified varicose
projection astrocytes are located in cortical layers 5 and 6 of
higher primates (Oberheim et al., 2009). They extend shorter
spiny processes and one to five long projection fibers with
regularly spaced varicosities within the deeper layers of the
cortex that can transverse several protoplasmic astrocyte
islands (Oberheim et al., 2009). Furthermore, specialized
astrocytic cells exist in the cerebellum (Bergmann glia) (Fig.
2B) and in the retina (M€ uller glia) (Fig. 2C) (Eroglu and
Barres, 2010). In fact, a combination of labeling strategies has
suggested no less than nine different astrocyte classes in the
adult mouse CNS: fibrous and protoplasmic astrocytes, Berg-
mann glia, ependymal glia, marginal glia, perivascular glia,
radial glia, velate glia, and tanycytes (Emsley and Macklis,
2006). The authors described that the classes of astrocytes
appeared in different proportions in different brain regions,
suggesting various within-group heterogeneities (Emsley and
Macklis, 2006; Oberheim et al., 2012).
Interestingly, the astroglial receptor expression pattern
seems to be related to the brain region in which the respective
receptors or their transmitters are well represented across the
local neuronal population (Verkhratsky and Kettenmann,
1996; Verkhratsky et al., 1998). There is no surprise therefore
that the distribution of astroglial receptor or transporter sub-
types varies across brain areas. For example, Bergmann glia in
the cerebellum exhibit high levels of GLAST (EAAT1) and
almost no GLT-1 (EAAT2). In contrast, astrocytes in the hip-
pocampus have very high levels of GLT-1 and hardly any
GLAST (Chaudhry et al., 1995; Furuta et al., 1997; Tzingou-
nis and Wadiche, 2007). Furthermore, expression of
glutamate transporters seems to depend on neuronal activity:
decreased synaptic activity appears to downregulate levels
(Benediktsson et al., 2012; Yang et al., 2009). There seems to
be further differentiation of astrocytes within regions. For
instance, it has been reported that in the hippocampus there
are two populations of astrocytes, one expressing glutamate
transporters and the other mainly a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptors (AMPARs) instead
(the latter representing mainly NG2 proteoglycan expressing
cells) (Matthias et al., 2003). Furthermore, a study analyzing
the gene expression profile of cortical mouse astrocytes identi-
fied two groups of GLT-1 and aquaporin 4-expressing cells
depending on whether they express GFAP or not (Lovatt
et al., 2007). These cell populations differed in 1% of their
expression profiles (Lovatt et al., 2007). On the other hand,
the expression of potassium channels varies among brain
regions although the main astroglial channel Kir4.1 seems to
be widely expressed across the CNS (Butt and Kalsi, 2006).
The appearance and identity of astroglia, however, may also
change with development.
Formation of Astroglial Architecture During
Development
Both neurons and glia originate from the neural precursor
cells (radial glial cells) (Freeman, 2010; Kanski et al., 2014).
During development, neurons appear first, followed by glia,
with numerous extrinsic and intrinsic factors involved in the
cell generation transition (Freeman, 2010). Notably, astrocyte
development depends on Wnt and JAK-STAT signaling cas-
cades (Freeman, 2010; Kanski et al., 2014; Namihira and
Nakashima, 2013). In addition to radial glia cell division,
astrocytes can arise from clonal division of early differentiated
astrocytes (Ge et al., 2012; Sloan and Barres, 2014). The lat-
ter mechanism might contribute to the specialization of astro-
cyte domains among and within brain regions (Garcia-
Marques and Lopez-Mascaraque, 2013). The known pathways
of astrocyte generation are far from exhaustive, with the possi-
bility remaining of a still unknown astrocyte-restricted pro-
genitor population (Sloan and Barres, 2014).
In rats, astrocytes start extending fine filopodia for up
to postnatal day 14 (PND14). By PND21, astroglia in the
brain develop highly ramified processes (Bushong et al.,
2004; Parnavelas et al., 1983). In hippocampal area CA1,
astrocytes develop a homogenous morphology by PND14
(compared with PND7; Fig. 2D) although astrogliogenesis is
still ongoing (Bushong et al., 2004). While developing, astro-
cytes extend longer and less ramified processes first (Fig.
2D1), with the formation of the spongiform processes starting
at the soma and extending centrifugally until all the processes
are equipped with fine protrusions. At this stage, neighbour-
ing astrocytes “meet,” and the inter-domain boundaries are
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Month 2015 3FIGURE 2: Varied morphology of astrocyte types. (A) Protoplasmic astrocyte in the mouse neocortex with numerous processes. (B) Berg-
mann glial cells from the mouse cerebellum. Note cell bodies are localized at one end, and distal process endings contacting the pia
mater. (C)M € uller cells of the mouse retina span the entire distance between the vitreous body and the retinal pigment epithelium. (A–C)
adapted from (Reichenbach et al., 2010). (D) The degree of ramification of protoplasmic astrocytes at PND7 (D1), PND14 (D2), PND 21
(D3), and at 1 month (D4). Adapted from (Bushong et al., 2004). (E) Three-dimensional reconstruction of astrocytes in the dentate gyrus.
The yellow zone shows the border area where cellular processes of two adjacent astrocytes interdigitate. Adapted from (Wilhelmsson
et al., 2006). (F) Schematic representation of functional synaptic islands. Different neuronal compartments can potentially be modulated
by different astrocytes (F1). A group of dendrites from several neurons are enwrapped by a single astrocyte. Synapses localized within
the territory of this astrocyte could potentially be affected in a coordinated manner by this glial cell (F2). Adapted from (Halassa et al.,
2007b). (G) Double labeling of an acutely isolated (G1) and a cultured (G2) astrocyte for GFAP (red) and ezrin (green). Adapted from
(Derouiche and Frotscher, 2001; Reichenbach et al., 2010). Scale bars: 20 mm (A), 5 mm (D), 15 mm (G1), 10 mm (G2). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
4 Volume 00, No. 00formed (Fig. 2D2–D4) (Bushong et al., 2004). Whether all
primary processes become ramified or whether some are elim-
inated during development remains poorly understood. Non-
overlapping astrocyte domains are formed at around one
month of age (Fig. 2E) (Bushong et al., 2004; Halassa et al.,
2007b), with one astrocyte approaching processes of many
neurons and one neuron crossing territories of many astro-
cytes (Fig. 2F) (Halassa et al., 2007b). As a result of various
mechanisms affecting astrocyte formation during develop-
ment, by the adulthood various types of astroglia could be
found, in relative proximity from one another, across different
cortical layers (Fig. 3A).
Developmental Changes in the Molecular
Makeup of Astrocytes
In parallel with morphology, the astroglia gene expression
profile, hence their protein makeup, also changes during
development. In mice, genes become upregulated encoding
proteins involved in amino acid synthesis and degradation,
and also in phagocytosis (Cahoy et al., 2008). Furthermore,
genes that are important in actin cytoskeleton signaling
become upregulated (Cahoy et al., 2008), which suggests the
importance of this cytoskeletal molecular cascade in PAP
motility (see below). However, gene expression data provide
little clues regarding the intracellular distribution of proteins.
Glutamate uptake is an essential astroglial function, and
the way glutamate is cleared from the perisynaptic space
changes in the first postnatal days, from mainly diffusion
escape (through large interstitial gaps characteristic for early
development) to high-affinity uptake by astrocytes (Thomas
et al., 2011). Correspondingly, the expression of astroglial
glutamate transporters increases, with a gradual shift from
predominantly GLAST to GLT-1 during maturation (Furuta
et al., 1997; Regan et al., 2007). The expression of astroglial
glutamate receptors is also developmentally controlled. Single-
cell gene expression assays have indicated that the expression
of kainate receptors and AMPARs declines throughout devel-
opment (Rusnakova et al., 2013). The genes encoding N-
methyl-D-aspartate receptor (NMDAR) subunits also change
their expression levels even though NMDAR appears to dom-
inate ionotropic glutamate receptor types in adult mouse
astroglia. Metabotropic glutamate receptor mGluR5 is widely
present in young animals but its expression declines with age
while the mGluR3 subtype becomes dominant in adult mice
and in humans (Cai et al., 2000; Rusnakova et al., 2013; Sun
et al., 2013). Electrophysiological evidence suggests that dur-
ing development and aging (from 1 to 21 months) the func-
tional AMPAR expression in astrocytic membranes
progressively declines whereas the currents mediated by P2X
and NMDA receptors first increase towards adulthood and
then decrease in older mice (Lalo et al., 2011).
Development and maturation also affect astroglial
mechanisms involved in water balance and (functionally
related) potassium buffering. Aquaporin 4 appears after
PND20 and its levels increase afterwards, according to single-
cell gene expression data (Rusnakova et al., 2013). The major
potassium channel Kir4.1 is downregulated to its stable level
in the hippocampus within the first ten postnatal days (Seifert
et al., 2009). In contrast to most astrocytic receptors, the lev-
els of GFAP as well as of the calcium binding protein s100b
increase during aging (Nichols, 1999; Sheng et al., 1996). In
accord with these observations, a global increase in GFAP
expression in the aged brain is detectable, suggesting an
increased number of astrocytes in older brains (Cotrina and
Nedergaard, 2002). Alternatively, because only 15% of
astrocytes stain for GFAP in the mouse brain (Bushong et al.,
2002), global increases in GFAP labeling could also suggest
that various astrocyte subtypes start expressing GFAP during
aging. It also appears that the interaction of astrocytes with
nearby neurons changes with age. In simple terms, neurons
seem to require direct contact with astrocytes for synaptogen-
esis during early development whereas secreted factors become
more important during aging (Allen, 2013) (see below).
Human Brain Astrocytes
Importantly, there exist several visible differences between
rodent and human astrocytes (Fig. 3B). First, the ratio of glia
to neurons in the human cortex is 1.65:1. In rodents how-
ever, this ratio is close to 0.3:1 (Nedergaard et al., 2003;
Sherwood et al., 2006). The human brain appears to exhibit
classes of GFAP-positive cells that are different from cells
found in the rodent brain. For instance, in addition to proto-
plasmic and fibrous astrocytes, interlaminar and varicose pro-
jection astrocytes are only found in primates (Colombo and
Reisin, 2004; Colombo et al., 1995; Oberheim et al., 2009;
Sosunov et al., 2014). Furthermore, human GFAP-positive
protoplasmic astrocytes are larger and more complex than
rodent cells (Fig. 3B), they exhibit enhanced calcium
responses, increased calcium wave velocities, and a greater
overlap between neighbours (Oberheim et al., 2009; Sosunov
et al., 2014). Human and rodent astrocytes also differ with
regards to their transcripts (Miller et al., 2010) as do in fact
astrocytes from different brain regions (Doyle et al., 2008;
Rodriguez et al., 2014; Yeh et al., 2009). Nonetheless, experi-
ments in acute slices from the human cortex and hippocam-
pus have documented astroglial Ca
21 signals in response to
excitatory afferent stimulation or application of glutamate,
cannabinoid, and purinergic receptor agonists (Navarrete
et al., 2013). Furthermore, the gene expression patterns for
major glutamate transporters and several subtypes of mGluRs
appear generally compatible between human and mouse adult
brain astrocytes (Sun et al., 2013). Interestingly, a recent
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brain maintain their “primate” features (Han et al., 2013).
The grafted cells appear to boost basal excitatory synaptic
transmission and its potentiation, show enhanced levels of
TNF-a, and help the chimeric animals to perform better in
some specific memory tasks (Han et al., 2013; Windrem
et al., 2014). This was an important observation, especially
because astrocyte morphology and function appear some-
what evolutionarily conserved: in Drosophila,a s t r o c y t e sa l s o
form a dense meshwork of processes that wrap around syn-
apses and are essential for animal development and survival
(Doherty et al., 2009; Stork et al., 2014). Such observations
suggest a reasonable scope for the extrapolation of astroglial
physiology from experimental animals (mainly rodents) to
humans.
Astroglial Coverage of Synapses
In rodents, synaptic neuropil contains on average 1.5 to 2.0
synapses per lm
3 (Rusakov et al., 1998), whereas in humans
this value is slightly lower, 1.1 (DeFelipe et al., 2002).
Depending on the brain region, the tissue volume occupied
by one (nonoverlapping) astrocyte in rodents varies between
20,000 and 80,000 mm
3 (Bushong et al., 2002; Halassa and
Haydon, 2010; Oberheim et al., 2012), and 300 to 600 den-
drites of principal neurons normally approach a single astro-
cyte (Halassa and Haydon, 2010). These relationships
FIGURE 3: Morphological diversity of astroglia within and among species. (A) Laminar astrocytes are present in human cortical layer 1,
and the cells extend long processes through layers 2 to 4. Protoplasmic astrocytes can be found in layers 2 to 6. Varicose projection
astrocytes are located in layers 5 and 6 from where they extend mm-long processes with regularly spaced varicosities. Fibrous astro-
cytes reside in the white matter. (B1) Main processes of mouse protoplasmic astrocytes (inset) are less extended and developed than
human astroglia (main image). (B2) Accordingly, fine processes and the entire morphology of astrocytes in mice correspond to much
smaller functional islands (inset) compared with human astroglia (main image). Scale bars: 150 mm (A), 20 mm (B); Adapted from (Ober-
heim et al., 2009). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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sand synapses in the rodent brain, and 270 thousand to 2
million synapses in the human brain (Bushong et al., 2002;
Oberheim et al., 2006, 2009).
The actual three-dimensional distances between astro-
cytic membranes and dendritic spines can vary from the
immediate contact to hundreds of nanometers (Lushnikova
et al., 2009; Medvedev et al., 2014; Patrushev et al., 2013;
Spacek and Harris, 1998). Although PAPs can be found in all
brain regions, only a proportion of synapses are actually in
immediate contact with them. Moreover, this proportion dif-
fers across the brain regions. In the rat neocortex only 29 to
56% of excitatory synapses are enwrapped by astrocytic proc-
esses, with variable extent of the immediate contact (Bernardi-
nelli et al., 2014a; Reichenbach et al., 2010). In contrast, in
layer IV of the somatosensory cortex in adult mice 90% of
spines are in contact with astrocytes (Bernardinelli et al.,
2014a) whereas in the rat hippocampus this number is 62
to 90% (Ventura and Harris, 1999; Witcher et al., 2007). It
appears that astrocytic processes approach preferentially syn-
apses that have complex (e.g. perforated) postsynaptic den-
sities (PSDs) (Fig. 4A) (Witcher et al., 2007) and tend to
occur on the postsynaptic side (Lehre and Rusakov, 2002). In
contrast, in the hippocampal CA3 region PAPs virtually iso-
late synapses from the surrounding tissue and hence make
spillover almost impossible (Fig. 4B) (Rollenhagen et al.,
2007).
An association between astroglial coverage and synapse
identity has been suggested by the current data indicating
that astroglia in the hippocampal dentate tend to cover synap-
ses hosted by thin dendritic spines (related to NMDAR-only
synapses (Matsuzaki et al., 2001)) to a greater extent com-
pared with synapses on thicker spines (Fig. 4C) (Medvedev
et al., 2014). In organotypic slices of rat hippocampus, 85%
of spine synapses are enwrapped by PAPs; 97% of synapses
with complex PSDs exhibit some astrocyte coverage but only
78% of simple synapses (Lushnikova et al., 2009). Recent
data suggest, however, that in the CA1 region, astrocytic
processes hardly ever cover the axon-spine interface and hence
should allow for extrasynaptic escape of glutamate (Bernardi-
nelli et al., 2014a). In contrast to individual excitatory synap-
ses that are often approached by astroglia, PAPs are usually
not present within synaptic glomeruli, groups of functionally
related synapses found within the sensory thalamus, the olfac-
tory bulb and the cerebellar cortex (Reichenbach et al.,
2010). Thus, by surrounding individual glomeruli astroglia
might contribute to forming distinct functional neuronal
units (Reichenbach et al., 2010). In the cerebellar glomeruli,
in which mossy fibers synapse on granule cells, only 15%
of synaptic terminals are in contact with PAPs, favoring neu-
rotransmitter spillover within the glomerulus (Mitchell and
Silver, 2000; Sylantyev et al., 2013; Xu-Friedman et al.,
2001). On the other hand, synapses on Purkinje cells are iso-
lated to a higher degree through Bergmann glia (Xu-Friedman
et al., 2001). The synapses with the closest contact to glial
cells in the cerebellum are formed by climbing fibers, with
87% of synapse area being covered. Parallel fiber synapses
are also in relatively close contact with Bergmann glia, with
65% of synapse area covered (Xu-Friedman et al., 2001). It
is clear, however, that reliable estimation of synaptic astroglial
coverage could be difficult: firstly, because of the uncertainties
arising from the highly complex three-dimensional geometry
of the synapse—PAP juxtaposition, and, secondly, because of
the errors inherent to the three-dimensional reconstruction
(or visualization) methods employed.
Current Methods to Monitor Fine Astrocyte
Morphology: Promise and Challenge
Protoplasmic astrocytes feature thousands of fine protrusions
that can easily be distinguished from the larger, GFAP-
positive primary and secondary branches visible with conven-
tional microscopy (Fig. 3B). The GFAP-positive main
branches of an astrocyte make up only 15% of its total vol-
ume (Bushong et al., 2002), thus leaving the bulk of astro-
glial morphology largely beyond the diffraction limit of
conventional optical microscopy. Structural changes in astro-
glial filopodia-like protrusions can be routinely observed
using time-lapse light microscopy in cultured hippocampal or
cortical astrocytes (Cornell-Bell et al., 1990a; Lavialle et al.,
2011; Molotkov et al., 2013). In acute brain slices some
mobile astrocytic processes can be detected (Hirrlinger et al.,
2004; Nishida and Okabe, 2007; Nixdorf-Bergweiler et al.,
1994). Very fine, and apparently highly mobile, astrocytic
processes have been reported in organotypic brain slices using
a membrane-bound GFP (Benediktsson et al., 2005). Fur-
thermore, co-labeling of dendritic spines and PAPs in hippo-
campal (Halassa et al., 2007a; Perez-Alvarez et al., 2014;
Verbich et al., 2012) and cerebellar slices (Lippman Bell
et al., 2010; Lippman et al., 2008) as well as in vivo (Bernar-
dinelli et al., 2014b; Perez-Alvarez et al., 2014) suggested that
PAPs are highly dynamic structures that engage and disengage
with dendritic spines, also responding to the induction of
synaptic plasticity (Bernardinelli et al., 2014b; Perez-Alvarez
et al., 2014).
In this context, it is important to point out that moni-
toring fluorescence-labeled morphology of ultrathin astroglial
structures is prone to ambiguities. Firstly, relatively small fluc-
tuations in imaging conditions, dye concentration or focal
plane position could be mistaken for genuine structural
changes. Secondly, applying brightness threshold or other fil-
tering techniques to the fluorescent signal generated on the
nanoscale often leads to misrepresentation. For instance, a
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a bright spot could appear shrunk (or disappear from view
altogether) when in fact it simply transforms into a larger and
thinner leaf-like structure: the latter might appear as shrink-
age simply because fluorescence generated by the ultrathin
transformed structure may fall below the detection threshold.
Finally, it might not always be possible to separate molecular
re-arrangement or movement of genetically encoded fluores-
cent markers (such as membrane-bound proteins) within
astroglial compartments from genuine morphological altera-
tions. Therefore, caution should be exercised in optical moni-
toring studies to avoid registration of spurious morphological
changes on the nanoscale.
EM does not have the advantage of monitoring live cells
in real time but it has resolution sufficient to identify and
document the thinnest astroglial protrusions. Ultrastructure
analyses combined with other methods helped to demonstrate
rapid and reversible structural remodeling of astrocytic
FIGURE 4: Astroglial coverage of excitatory synapses in three hippocampal areas. (A1) Three-dimensional EM reconstruction of a single
astroglial process (blue) in contact with four reconstructed dendrites (gold, yellow, red, purple) in hippocampal area CA1. (A2)M u s h r o o m
spine example with ~50% circumvent contacted by astroglia (arrows). (A3) Thin dendritic spine example, with its neck adjacent to astro-
glia (arrows). Scale bar in A3 applies to A2-3. Adapted from (Witcher et al., 2007). (B) Three-dimensional EM reconstruction showing the
astrocytic processes (green outlines) that surround a giant mossy fiber synapse in hippocampal area CA3, including the axonal bouton
(yellow), the postsynaptic dendrite (de), and postsynaptic spiny excrescences (se, light blue). Fine astrocytic protrusions cover presynaptic
and postsynaptic structures but do not reach synaptic active zones (red) on spiny excrescences; asterisk (void), location of an adjacent
axonal bouton (not shown). Adapted from (Rollenhagen et al., 2007). (C) Three-dimensional reconstruction of an astrocyte fragment (blue)
shown with and without adjacent thin (left, grey) and mushroom (right, dark yellow) dendritic spines equipped with PSDs (red). Adapted
from (Medvedev et al., 2014). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
8 Volume 00, No. 00processes in the hypothalamus (Becquet et al., 2008; Theodo-
sis et al., 1981). These changes follow several types of stimu-
lation, including lactation, parturition, and stress
(Montagnese et al., 1988; Oliet et al., 2001; Salm, 2000;
Theodosis, 2002). Similarly, in the visual cortex, structural
changes in PAPs can be observed to parallel structural and
functional synaptic plasticity (Jones and Greenough, 1996).
Chronic whisker stimulation induced structural changes in
PAPs enhancing synaptic PAP coverage, as well as local gluta-
mate transporter expression, in the barrel cortex of adult mice
(Genoud et al., 2006). Inducing long-term potentiation
(LTP) in adult rats in vivo also leads to PAP structural plastic-
ity in the dentate gyrus of the hippocampus (Wenzel et al.,
1991). In the amygdala, however, only 50% of synapses are
contacted by astrocytic processes which cover only 20% of
the synaptic circumvent (Ostroff et al., 2014). In this area,
increasing synaptic strength leads to an increase in the num-
ber of synapses that are not associated with an astrocyte,
whereas decreasing synaptic strength enhances the number of
small synapses that are contacted by an astrocyte (Ostroff
et al., 2014). In organotypic slices, LTP induction through
theta-burst stimulation of Shaffer collaterals increased glial
coverage of pre- and postsynaptic elements in an NMDAR-
dependent manner (Lushnikova et al., 2009). Furthermore,
kindling and ischemic preconditioning also induces the
growth of astroglial processes (Hawrylak et al., 1993). Thus,
a growing body of experimental evidence has been accumu-
lated suggesting use-dependent structural responsiveness of
astroglial processes in the vicinity of excitatory synapses.
Clearly, further reconciliation of high-resolution EM observa-
tions in fixed tissue with optical recordings in live prepara-
tions will lead to a better understanding of the nanoscopic
remodeling of synaptic microenvironment pertinent to such
plasticity.
Triggering Structural Plasticity of Astroglia by
Excitatory Neuronal Activity
It is logical to think that use-dependent remodeling of synap-
tic connections should involve alterations in the entire synap-
tic microenvironment (Caroni et al., 2012), which in many
cases contains PAPs. Notwithstanding the aforementioned
concerns about microscopic monitoring of nanostructures,
candidate molecular mechanisms underlying this synapse-
astroglia relationship are beginning to emerge. A link between
spine and PAP movement has been reported with confocal
time-lapse imaging: blocking inhibitory transmission to boost
network activity did not enhance such movements (Haber
et al., 2006). Conversely, blockade of sodium channels (and
therefore action potential-dependent transmission) with tetro-
dotoxin (TTX) did not reduce PAP motility (Verbich et al.,
2012). In the same study, however, glutamate did induce PAP
structural changes whereas the blockage of glutamate trans-
porters or TTX application impeded PAP movements, sug-
gesting that glutamate signaling could contribute to PAP
mobility (Verbich et al., 2012).
In cultured astrocytes, the ionotropic glutamate receptor
agonists glutamate, kainate, and quisqualate evoke filopodia
outgrowth, and so do agonists of mGluRs (Cornell-Bell et al.,
1990b; Lavialle et al., 2011). However, selective NMDAR
agonists do not appear to trigger morphological changes
whereas mGluR antagonists block them (Cornell-Bell et al.,
1990b). Astrocytes (and probably PAPs) express both,
AMPARs and mGluRs (see above) and both receptor types
might be involved in astrocytic filopodia outgrowth (Bernar-
dinelli et al., 2014a). More recently, the induction of LTP in
hippocampal slices and whisker stimulation has led to meas-
ureable PAP displacement in the hippocampus and the barrel
cortex, respectively (Bernardinelli et al., 2014b; Perez-Alvarez
et al., 2014). It was suggested that PAP motility is (a)
synapse-specific, (b) neuronal activity-dependent (application
of TTX blocks PAP movement), (c) mGluR-dependent, (d)
Ca
21-dependent, and (e) IP3-dependent (Bernardinelli et al.,
2014b; Perez-Alvarez et al., 2014). These observations raise
an intriguing question of whether there are organizational
principles for the presence and shape of PAPs depending on
the brain area, synaptic types and species (Reichenbach et al.,
2010).
Across astrocyte types, mGluR signaling through Gq
proteins triggers calcium release from intracellular stores such
as the endoplasmic reticulum (Volterra et al., 2014). This cas-
cade in turn might influence actin dynamics and hence filo-
podia growth, as suggested in studies using calcium uncaging
in astrocyte cultures and genetic attenuation of IP3 signaling
in vivo (Molotkov et al., 2013; Tanaka et al., 2013). PAPs do
contain actin as their cytoskeleton basis (Safavi-Abbasi et al.,
2001), and inhibition of actin polymerization disables PAP
mobility (Haber et al., 2006). Astrocytic filopodia outgrowth
does not require new synthesis or degradation but rather a
redistribution of existing cytoskeletal proteins (Safavi-Abbasi
et al., 2001).
Molecular Machineries of Astroglial
Morphogenesis: Cytoskeleton, Growth Factor,
Cell Adhesion
In cultures (Safavi-Abbasi et al., 2001) as well as slices (Lipp-
man et al., 2008; Nestor et al., 2007; Nishida and Okabe,
2007) astrocytic processes can adapt quickly to changes in
their environment through a mechanism involving the
GTPase Rac-1. Moreover, expression of a dominant negative
form of the actin-binding protein profilin-1 inhibited filopo-
dia formation and motility (Molotkov et al., 2013). Also the
actin-binding proteins alpha-actinin, alpha-adducin, and ezrin
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Safavi-Abbasi et al., 2001; Seidel et al., 1995). Ezrin connects
the plasma membrane to the actin cytoskeleton and can be
regulated through phosphorylation/dephosphorylation and
hence does not require protein synthesis or breakdown
(Reichenbach et al., 2010). Therefore, knockdown of ezrin
interfered with astrocytic and neuronal filopodia growth and
movement (Lavialle et al., 2011; Matsumoto et al., 2014).
Clearly, the cytoskeletal machinery is essential to at least some
forms of structural astroglial plasticity.
Fibroblast growth factor (FGF) has been identified as a
factor mediating morphological changes in astrocytes, by ini-
tiating outgrowth of highly ramified processes into the neuro-
pil in Drosophila (Agarwal and Bergles, 2014; Stork et al.,
2014). Also in stem cell-derived spinal cord astrocytes, FGF
exposure directs the maturation of the cells (Roybon et al.,
2013). Furthermore, a study in mice showed that FGF8
increased the number and branching of processes in develop-
ing and cultured astrocytes (Kang et al., 2014). Whether this
growth factor is actively secreted by neurons to attract PAPs
remains to be determined.
Cell adhesion molecules appear to be another logical
candidate device to mechanistically explain the underpinning
of structural astroglial plasticity. One of the most studied
adhesion molecules that could be involved in direct signaling
between astrocytes and neurons has been EphA4 (Carmona
et al., 2009; Filosa et al., 2009; Murai and Pasquale, 2004;
Tremblay et al., 2009). This receptor tyrosine kinase is
located in dendritic spines, and its ligand ephrin-A3 is
enriched in PAP membranes (Murai et al., 2003). Binding of
the two molecules is important for normal spine morphology
(Murai et al., 2003) and mitigating the contact leads to
unstable spines (Nishida and Okabe, 2007). Furthermore, the
binding of exogenous and endogenous ephrin-A to astrocytic
EphA ligands mediates astrocyte process outgrowth (Nestor
et al., 2007). Moreover, ephrin signaling is involved in LTP
as it regulates astroglial glutamate transporter expression
(Filosa et al., 2009). In addition to ephrins, neuroligins might
be involved in mediating neuron-astrocyte communication
and PAP outgrowth as astrocytes in neuroligin KO mice
showed morphological aberrations (Cao et al., 2012). These
mechanisms have been implicated when observing patients
with autism, a disease linked to mutations in neuroligins and
neurexins (Bernardinelli et al., 2014a; Chih et al., 2005).
Other adhesive molecules that have been involved in neuron-
astrocyte binding and that might be involved in boosting
PAP morphogenesis are Ng-CAM (Grumet et al., 1984), Syn-
CAM1 (Sandau et al., 2012), NCAM (Theodosis et al.,
2004), and protocadherin-gammaC5 (Garrett and Weiner,
2009; Li et al., 2010). However, whether and how these sig-
naling molecules and their partners or ligands act within
PAPs in organized tissue in situ remains to be established. It
appears that advances in super-resolution microscopy will
play a major role (see below) in our understanding of the
exact molecular make-up of PAPs and its dynamic changes.
Molecular Machineries of Astroglial
Morphogenesis: Volume Control and Connexin
Signaling
Three-dimensional EM reconstructions of the CA1 neuropil
have shown that the extracellular space (ECS) around axonal
terminals, dendrites, and glial membranes is shaped nonuni-
formly featuring various tunnels and sheets (Kinney et al.,
2013). It appears that astrocytes should be able to regulate
extracellular (volume) communications by swelling or shrink-
ing (Mongin and Kimelberg, 2005; Reichenbach et al., 2010)
and thus changing the distribution of the tunnels and sheets
within the ECS (Kinney et al., 2013). This volume control
by astrocytes can be modulated by aquaporins and Kir4.1
that are expressed in PAP membranes and control swelling
(Anderova et al., 2014; Nagelhus et al., 2004; Thrane et al.,
2011).
In addition to astrocyte-neuron relationship, the inter-
cellular contacts in the astrocyte networks could be important
for PAP plasticity. Astrocytes are connected through the gap
junction molecules connexin 43 (Cx43) and Cx30 (Anders
et al., 2014; Chever et al., 2014; Pannasch and Rouach,
2013; Pannasch et al., 2011). Gap junctions might be
involved directly or indirectly in synapse-glia signaling
(Houades et al., 2008). Recently, it has been reported that
Cx43 mediates synaptic efficacy by setting the levels of synap-
tic glutamate in mice (Chever et al., 2014). Interestingly, the
loss of Cx30 has fundamental consequences on the structure
of PAPs and on the strength of excitatory synapses. Astrocytes
devoid of the gap junction protein invade the synaptic cleft,
leading to decreased AMPAR-mediated synaptic transmission
as glutamate was taken up by the astrocytes before it reached
the postsynapse (Pannasch et al., 2014). Moreover, astrocytes
lacking Cx43, or Cx30 and Cx43 (Chever et al., 2014; Lutz
et al., 2009; Pannasch et al., 2011) but not Cx30 alone (Pan-
nasch et al., 2014) appear swollen, which suggests a mecha-
nism for controlling the astrocyte volume and PAP
displacement.
Regulating Synaptic Morphogenesis Through
PAPs?
Structural plasticity of PAPs might also have a direct effect on
synaptic environment. In hippocampal slices, spines disappear
more frequently when PAPs are not present (Nishida and
Okabe, 2007). The same effect was found when ephrin sig-
naling was perturbed, and dendritic protrusions disappeared
faster, although they were in contact with astrocytic processes
10 Volume 00, No. 00(Nishida and Okabe, 2007). Furthermore, blocking Rac-1
and interfering with PAP motility leads to enhanced number
of dendritic filopodia (Nishida and Okabe, 2007). Similarly,
in the cerebellum Bergmann glia coverage is required for syn-
apse stabilization and regulation (Lippman Bell et al., 2010;
Lippman et al., 2008).
Indeed, astrocytes secret several factors that might play a
role in such phenomena. Amongst the factors are cholesterol
(Diniz et al., 2014; Mauch et al., 2001), leptin (Kim et al.,
2014), transforming growth factor (TGF)-b (Diniz et al.,
2012, 2014), TNF-a (Han et al., 2013) and several ECM
molecules (Dityatev and Rusakov, 2011; Heikkinen et al.,
2014; Jones and Bouvier, 2014; Risher and Eroglu, 2012;
Thalhammer and Cingolani, 2014). The most intensely stud-
ied ECM molecules involved in synapse formation are the
thrombospondins (Christopherson et al., 2005; Risher and
Eroglu, 2012). These molecules induce the formation of syn-
apses and the maturation of dendritic spines in several experi-
mental settings (Christopherson et al., 2005; Eroglu et al.,
2009; Garcia et al., 2010; Risher and Eroglu, 2012). Other
astrocyte-derived ECM molecules that are important in syn-
aptogenesis are hevin and its antagonist the secreted protein
acidic and rich in cysteine (SPARC) (Kucukdereli et al.,
2011). Their fine-tuned secretion allows astrocytes to dynami-
cally adjust activity levels of synapses (Albrecht et al., 2012;
Jones et al., 2011). Moreover, the heparan sulfate proteogly-
cans, glypican 4, and glypican 6 are involved in synapse for-
mation (Allen et al., 2012). Also astrocyte-derived
chondroitin sulfate proteoglycans such as brevican, neurocan,
and phosphacan are important for synapse maturation as they
stabilize AMPARs at synapses (Allen, 2013; Frischknecht
et al., 2009; Pyka et al., 2011). In addition, both neurons
and astrocytes produce the components for the formation of
perineuronal nets (PNNs) (Faissner et al., 2010). These ECM
structures might have structural roles and help compartmen-
talizing the CNS as well as representing a diffusion barrier
for neurotransmitter spillover just like PAPs do (Faissner
et al., 2010; Frischknecht et al., 2009; Frischknecht and Seid-
enbecher, 2008). Molecular interactions between synapses,
local astroglia and the extracellular matrix remain an intrigu-
ing and promising field for scientific exploration (Dityatev
and Rusakov, 2011).
Implications of PAP Morphogenesis for
Synaptic Function
Astrocytic coverage of synapses is essential to limiting extrasy-
naptic glutamate escape and hence “undesirable” synaptic
crosstalk. The heterogeneity of astrocytic coverage across dif-
ferent brain regions suggests, however, that glutamate spillover
is favored in certain areas and suppressed in others (Bernardi-
nelli et al., 2014a; Lange et al., 2012; Oliet et al., 2008). For
example, in the supraoptic nucleus (SON), astrocytes undergo
extensive morphological changes in lactating rats (Hatton,
1997; Piet et al., 2004a; Theodosis and Poulain, 1993).
Astrocytic coverage is reduced and this leads to an enhanced
number of synapses and neurotransmitter spillover (Hatton,
1997; Piet et al., 2004a; Theodosis and Poulain, 1993). With
the reduction of astrocytic synapse enwrapping also glutamate
clearance is reduced which in turn leads to enhanced negative
feedback on glutamate release and increased heterosynaptic
depression of GABA release (Oliet et al., 2001; Piet et al.,
2004b) and prolonged excitatory postsynaptic potentials
(EPSPs) in the cerebellum (Iino et al., 2001). Additionally, in
such cases, less D-serine may be available from astrocytes for
the co-agonist activation of postsynaptic NMDARs and thus
the machinery of long-term synaptic plasticity in the SON
(Panatier et al., 2006). In the same area of the hypothalamus
glial coverage of neurons also follows a circadian rhythm with
changes of dendritic enwrapping during day and night (Bec-
quet et al., 2008).
Detailed modeling of release events in the synaptic envi-
ronment suggests that covering half of the synaptic perimeter
by PAPs can reduce extra-cleft glutamate transients several-
fold, and 95% coverage enhances this phenomenon by an
order of magnitude (Rusakov, 2001; Zheng et al., 2008).
Clearly, changes in PAP coverage have important consequen-
ces for glutamate escape and subsequent activation of perisy-
naptic glutamate receptors. Interestingly, high-affinity
receptors, such as NMDARs or mGluRs, which are located
just outside the synaptic cleft, appear most sensitive to
changes in extrasynaptic glutamate escape. This is because the
glutamate concentration time course at that locus corresponds
to the highest dynamic range of receptor responses (Sylantyev
et al., 2013; Zheng et al., 2008). Thus, such receptors could
be “strategically” positioned to respond strongly to any small
changes in astroglial coverage of the synapse. Re-arrangement
of such a complex synaptic microenvironment during use-
dependent astroglial changes might also contribute to the dif-
ferential action of two NMDARs co-agonists, glycine and D-
serine, depending on the intra- or extrasynaptic receptor loca-
tion (Papouin et al., 2012). Finally, it is logical to think that
volumetric changes in perisynaptic astroglia are capable of
physically altering the local environment, restricting or per-
mitting molecular signal exchange among its various
components.
Monitoring of Astroglia on the Nanoscale:
Emerging Techniques
The progress in astroglial research has been somewhat ham-
pered by our current inability to monitor and probe, in real
time, the organization and function of ultrathin processes
that represent the bulk of astroglial morphology in situ.
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200 nm) is beyond resolution of conventional optical micros-
copy (200–300 nm). Furthermore, so far no reliable marker
exists to enable distinguishing astrocyte processes that contact
synapses from those that do not (Reichenbach et al., 2010).
At the same time, the widely diverse physiological actions
attributed to astrocytes suggest the possibility of fine sub-
cellular compartmentalization inside individual cells (Rusakov
et al., 2014): it cannot be excluded, for instance, that PAPs
have a molecular identity distinct from other processes. The
key to tackling these issues appears to lie in the emerging
wave of super-resolution imaging techniques that generally
overcome limits of conventional light microscopy. A detailed
consideration of various super-resolution methods is outside
the scope of this review (for recent surveys see (Fornasiero
and Opazo, ; Yamanaka et al., 2014; Zhong, ); also Table 1).
Instead, here, we will briefly discuss respective applications
that could be relevant to studying astroglia.
Stimulated-emission depletion (STED) microscopy uses
conventional excitation which is partly quenched (depleted) at
its periphery by the doughnut-shaped focal illumination: this
reduces the emission spot thus boosting resolution beyond
the diffraction limit (Klar et al., 2000). The STED methodol-
ogy has successfully been used to monitor the fine structure
of dendritic spines (Bethge et al., 2013; Ding et al., 2009;
Tonnesen et al., 2011, 2014), and it has recently been applied
to image astroglia (Panatier et al., 2014) (Fig. 5A). It appears
that STED imaging could also reveal the heterogeneous dis-
tribution of purinergic P2Y1 receptors along astrocyte proc-
esses (Volterra et al., 2014) (Fig. 5B). Whilst STED imaging
conveniently provides super-resolution with acquisition proto-
cols common for more conventional imaging modes (such as
two-photon excitation imaging and photolytic uncaging), this
is achieved at the expense of much higher laser power applied
to the preparation, and higher equipment costs.
Another set of super-resolution techniques concerns
single-molecule localization imaging, such as photo-activated
localization microscopy (PALM) or stochastic optical recon-
struction microscopy (STORM), which are based on recon-
structing the point source of fluorescence (often one
molecule) from its detected image which is “blurred” by dif-
fraction (Betzig et al., 2006). These techniques require sto-
chastic excitation of only a small (sparsely distributed)
fraction of fluorescent molecules per imaging cycle. Repeating
such cycles thus accumulates exact positions for most or all
fluorescent molecules in the field of view. Although this type
of approach could provide excellent spatial resolution (Table
1), its use in organised live tissue is limited, mainly because
either the imaging conditions or the probe chemistry are not
compatible with physiology. Nonetheless, there have been
TABLE 1: Super-Resolution Fluorescence Microscopy
Experimental factor PALM/STORM SIM STED
Key element to achieve
super-resolution
Photoactivation cis-trans
isomerization, triplet pumping, etc.
Structured illumination Stimulated emission
Microscope type Wide-field Wide-field Laser scanning
The number of required
excitation light wavelengths
1–2 1 2
Spatial resolution in x-y plane 10–30 nm 100–130 nm 20–70 nm
Spatial resolution in z direction 10–75 nm 300 nm 40–150 nm
Using opposing lenses,
optical astigmatism, dual focus
imaging or double-helical PSF
Using two opposing lenses
or z-phase mask
Z-stack range Few hundred nm–few mm few mm 20 mm
Frame rate s–min ms–s ms–s
Applicable fluorescent probe Photoswitchable fluorescent
proteins/molecules
Any if photostable Any if photostable
Photodamage Low–moderate Moderate Moderate–high
Photobleaching Low Moderate–high Moderate–high
Required postimage processing Yes Yes No
Adapted from (Yamanaka et al., 2014).
12 Volume 00, No. 00FIGURE 5: Advancing super-resolution microscopy for astroglial research. (A) STED images showing CA1 stratum radiatum astrocytic
processes (green, whole-cell loading with Alexa Fluor 488) adjacent to synaptic structures in organotypic slices (red; Thy1-YFP; dendritic
spines, arrows) at lower (A1) and higher (A2, area indicted by square in A1) magnification; asterisk, O-ring structures indicating tentative
cell process envelopes; adapted from (Panatier et al., 2014). (B) STED image of P2Y1 receptors (red) along a multi-branched astrocytic
process (glutamine synthase, grey) in the adult mouse hippocampus. Adapted from (Volterra et al., 2014). (C) STORM imaging of pre-
(Bassoon; red) and postsynaptic (Homer1; green) scaffolding proteins in the mouse main olfactory bulb glomeruli imaged using conven-
tional fluorescence imaging (C1) and STORM (C2); adapted from (Dani et al., 2010). (D, E) dSTORM images of cultured (14 DIV) mixed
glial cells from rat hippocampus (ProLong Diamond in Zeiss Elyra PS.1 microscope; Fiji Plugin ThunderSTORM, 3,000 frames); unpub-
lished data by J. Heller. (D) GFAP stained with monoclonal antibody (Novus, GA5, secondary Alexa Fluor 488 donkey anti-mouse anti-
body, Life Technologies) shown at lower (D1) and higher (D2, fragment indicated in D1) magnification. (E) GLT-1 (polyclonal, Millipore)
visualized with Alexa Fluor 568 goat anti-guinea pig antibody (Life Technologies) shown at lower (E1) and higher (E2, fragment indicated
in E1) magnification. Note that the cells were permeabilized, and therefore GLT-1 was stained throughout cellular compartments. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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bution of pre- and postsynaptic receptor proteins (Dani et al.,
2010) documented in fixed tissue (Fig. 5C). Furthermore,
our attempts to visualize astroglial protein distribution using
direct STORM (dSTORM) provide evidence for the technical
plausibility of this approach (Fig. 5D,E).
A general super-resolution approach conceptually related
to PALM enables tracking of individual molecules conjugated
to bright nanoparticles, such as quantum dots, in live cells
(reviewed in (Medintz et al., 2005)). This technique achieves
point-source fluorescence recording, and thus nanoscale local-
ization, by registering rare intermittent “blinking” (random
switching) of individual nanoparticles. Single-particle tracking
(and related PALM approaches) does not require high-
powered switching or quenching and has been successfully
adapted for neuronal culture preparations (and very recently
for organotypic brain slices (Biermann et al., 2014)). Over
the years it has helped to uncover fundamental features of
synapses pertinent to their dynamic organization on the nano-
scale (recently reviewed in (Choquet and Triller, 2013)).
However, application of such methods to astroglia is only
beginning to emerge. Single-molecule tracking of mGluRs in
cultured astroglia has provided some previously unattainable
insights into the molecular dynamic organization of astrocytic
compartments (Arizono et al., 2012, 2014; Shrivastava et al.,
2013). Most recently, a similar method has unveiled strong,
activity-dependent mobility of glutamate transporters GLT-1
on the surface of cultured astroglia (Murphy-Royal et al.,
2015), thus opening a new horizon in our understanding of
astroglial microphysiology.
Concluding Remarks
A growing body of experimental evidence suggests that astro-
cyte signaling can, at least in certain conditions, influence
excitatory synaptic transmission and its use-dependent plastic-
ity in a Ca
21-dependent manner (Henneberger et al., 2010;
Jourdain et al., 2007; Min and Nevian, 2012; Navarrete
et al., 2012; Parri et al., 2001; Perea and Araque, 2007). This
does not necessarily imply that elegant experimental manipu-
lations with astroglial Ca
21 within a certain dynamic range
by triggering certain cellular cascades should reproduce such
effects (Agulhon et al., 2010; Fiacco et al., 2007; Petravicz
et al., 2008) (see (Rusakov et al., 2014; Volterra et al., 2014)
for discussion). In addition to the much debated astrocyte-
neuron exchange, Ca
21 rises in astrocytes could also boost
the expression level of glutamate transporters (Devaraju et al.,
2013), re-position mitochondria closer to glutamate trans-
porters (Jackson et al., 2014; Ugbode et al., 2014), and regu-
late neuro-metabolic coupling with neurons (Bernardinelli
et al., 2004; Porras et al., 2008). Recent findings suggest that
such Ca
21 signals could be required for morphological
changes in PAPs (Molotkov et al., 2013; Tanaka et al., 2013).
The PAP remodeling, with or without local rearrange-
ment of glutamate transporter proteins, is capable of altering
the efficiency of extrasynaptic glutamate clearance or escape
(Benediktsson et al., 2012; Danbolt, 2001; Panatier et al.,
2006; Zheng et al., 2008) (although (Diamond et al., 1998))
and hence affecting the modus operandi for local excitatory
circuitry. Altered glial coverage could also affect astrocyte-
neuron lactate transport contributing to synaptic efficacy
(Suzuki et al., 2011) and local water homeostasis (Simard and
Nedergaard, 2004). In summary, there is a plethora of physio-
logically plausible candidate mechanisms that could underpin
the adaptive role of astroglial remodeling in local neural net-
work activity. To date, however, the bulk of experimental evi-
dence to that effect has been obtained using either
conventional optical microscopy (including confocal and two-
photon excitation fluorescence approaches) in live cells or
using EM in fixed tissue. Although such evidence has been
essential in advancing our understanding of astroglia-neuron
communication, it leaves unresolved some critical questions
regarding molecular physiology of the synaptic microenviron-
ment, and in particular, local astroglial protrusions, on the
nanoscale. Single-molecule tracking of mGluRs and glutamate
transporters in cultured astroglia has provided first glimpses
on what could be the dynamic molecular micro-organization
of astrocytes (Arizono et al., 2012; Murphy-Royal et al.,
2015; Shrivastava et al., 2013), and STED imaging in organ-
ised brain tissue (Tonnesen et al., 2014) has opened up the
nanoscopic world of live astroglial architecture in situ. Clearly,
further implementation of super-resolution techniques in
organised brain tissue should help to bridge the knowledge
gap in our understanding of the molecular micro-physiology
of astroglia and its role in information processing of brain
networks.
References
Agarwal A, Bergles DE. 2014. Astrocyte morphology is controlled by neuron-
derived FGF. Neuron 83:255–257.
Agulhon C, Fiacco TA, McCarthy KD. 2010. Hippocampal short- and long-
term plasticity are not modulated by astrocyte Ca21 signaling. Science 327:
1250–1254.
Albrecht D, Lopez-Murcia FJ, Perez-Gonzalez AP, Lichtner G, Solsona C,
Llobet A. 2012. SPARC prevents maturation of cholinergic presynaptic termi-
nals. Mol Cell Neurosci 49:364–374.
Allen NJ. 2013. Role of glia in developmental synapse formation. Curr Opin
Neurobiol 23:1027–1033.
Allen NJ, Bennett ML, Foo LC, Wang GX, Chakraborty C, Smith SJ, Barres
BA. 2012. Astrocyte glypicans 4 and 6 promote formation of excitatory syn-
apses via GluA1 AMPA receptors. Nature 486:410-414.
Anderova M, Benesova J, Mikesova M, Dzamba D, Honsa P, Kriska J,
Butenko O, Novosadova V, Valihrach L, Kubista M, et al. 2014. Altered astro-
cytic swelling in the cortex of alpha-syntrophin-negative GFAP/EGFP mice.
PLoS One 9:e113444. [PMC][10.1371/journal.pone.0113444] [25426721]
14 Volume 00, No. 00Anders S, Minge D, Griemsmann S, Herde MK, Steinhauser C, Henneberger
C. 2014. Spatial properties of astrocyte gap junction coupling in the rat hip-
pocampus. Philos Trans R Soc Lond B Biol Sci 369:20130600.
Arizono M, Bannai H, Mikoshiba K. 2014. Imaging mGluR5 dynamics in astro-
cytes using quantum dots. Curr Protoc Neurosci 66:Unit 2 21.
Arizono M, Bannai H, Nakamura K, Niwa F, Enomoto M, Matsu-Ura T,
Miyamoto A, Sherwood MW, Nakamura T, Mikoshiba K. 2012. Receptor-
selective diffusion barrier enhances sensitivity of astrocytic processes to
metabotropic glutamate receptor stimulation. Sci Signal 5:ra27.
Becquet D, Girardet C, Guillaumond F, Francois-Bellan AM, Bosler O. 2008.
Ultrastructural plasticity in the rat suprachiasmatic nucleus. Possible involve-
ment in clock entrainment. Glia 56:294–305.
Benediktsson AM, Marrs GS, Tu JC, Worley PF, Rothstein JD, Bergles DE,
Dailey ME. 2012. Neuronal activity regulates glutamate transporter dynamics
in developing astrocytes. Glia 60:175–188.
Benediktsson AM, Schachtele SJ, Green SH, Dailey ME. 2005. Ballistic label-
ing and dynamic imaging of astrocytes in organotypic hippocampal slice cul-
tures. J Neurosci Methods 141:41–53.
Bernardinelli Y, Magistretti PJ, Chatton JY. 2004. Astrocytes generate Na1-
mediated metabolic waves. Proc Natl Acad Sci USA 101:14937–14942.
Bernardinelli Y, Muller D, Nikonenko I. 2014a. Astrocyte-synapse structural
plasticity. Neural Plast 2014:232105.
Bernardinelli Y, Randall J, Janett E, Nikonenko I, Konig S, Jones EV, Flores
CE, Murai KK, Bochet CG, Holtmaat A, Muller D. 2014b. Activity-dependent
structural plasticity of perisynaptic astrocytic domains promotes excitatory
synapse stability. Curr Biol 24:1679–1688.
Bethge P, Chereau R, Avignone E, Marsicano G, Nagerl UV. 2013. Two-pho-
ton excitation STED microscopy in two colors in acute brain slices. Biophys J
104:778–785.
Betzig E, Patterson GH, Sougrat R, Lindwasser OW, Olenych S,
Bonifacino JS, Davidson MW, Lippincott-Schwartz J, Hess HF. 2006.
Imaging intracellular fluorescent proteins at nanometer resolution. Sci-
ence 313:1642–1645.
Bezzi P, Gundersen V, Galbete JL, Seifert G, Steinhauser C, Pilati E, Volterra
A. 2004. Astrocytes contain a vesicular compartment that is competent for
regulated exocytosis of glutamate. Nat Neurosci 7:613–620.
Biermann B, Sokoll S, Klueva J, Missler M, Wiegert JS, Sibarita JB, Heine M.
2014. Imaging of molecular surface dynamics in brain slices using single-
particle tracking. Nat Commun 5:3024.
Bushong EA, Martone ME, Ellisman MH. 2004. Maturation of astrocyte mor-
phology and the establishment of astrocyte domains during postnatal hippo-
campal development. Int J Dev Neurosci 22:73–86.
Bushong EA, Martone ME, Jones YZ, Ellisman MH. 2002. Protoplasmic astro-
cytes in CA1 stratum radiatum occupy separate anatomical domains.
J Neurosci 22:183–192.
Butt AM, Kalsi A. 2006. Inwardly rectifying potassium channels (Kir) in central
nervous system glia: A special role for Kir4.1 in glial functions. J Cell Mol
Med 10:33–44.
Cahoy JD, Emery B, Kaushal A, Foo LC, Zamanian JL, Christopherson KS,
Xing Y, Lubischer JL, Krieg PA, Krupenko SA, Thompson WJ, Barres BA.
2008. A transcriptome database for astrocytes, neurons, and oligodendro-
cytes: a new resource for understanding brain development and function. J
Neurosci 28:264-278.
Cai Z, Schools GP, Kimelberg HK. 2000. Metabotropic glutamate receptors in
acutely isolated hippocampal astrocytes: Developmental changes of mGluR5
mRNA and functional expression. Glia 29:70–80.
Cao F, Yin A, Wen G, Sheikh AM, Tauqeer Z, Malik M, Nagori A, Schirripa M,
Schirripa F, Merz G, Brown WT, Li X. 2012. Alteration of astrocytes and Wnt/
beta-catenin signaling in the frontal cortex of autistic subjects. J Neuroinflam-
mation 9:223.
Cao X, Li LP, Wang Q, Wu Q, Hu HH, Zhang M, Fang YY, Zhang J, Li SJ,
Xiong WC, Yan HC, Gao YB, Liu JH, Li XW, Sun LR, Zeng YN, Zhu XH, Gao
TM. 2013. Astrocyte-derived ATP modulates depressive-like behaviors. Nat
Med 19:773–777.
Carmona MA, Murai KK, Wang L, Roberts AJ, Pasquale EB. 2009. Glial
ephrin-A3 regulates hippocampal dendritic spine morphology and glutamate
transport. Proc Natl Acad Sci USA 106:12524–12529.
Caroni P, Donato F, Muller D. 2012. Structural plasticity upon learning: regu-
lation and functions. Nat Rev Neurosci 13:478–490.
Charles KJ, Calver AR, Jourdain S, Pangalos MN. 2003. Distribution of a
GABAB-like receptor protein in the rat central nervous system. Brain Res 989:
135–146.
Chaudhry FA, Lehre KP, van Lookeren Campagne M, Ottersen OP, Danbolt
NC, Storm-Mathisen J. 1995. Glutamate transporters in glial plasma mem-
branes: Highly differentiated localizations revealed by quantitative ultrastruc-
tural immunocytochemistry. Neuron 15:711–720.
Chever O, Pannasch U, Ezan P, Rouach N. 2014. Astroglial connexin 43 sus-
tains glutamatergic synaptic efficacy. Philos Trans R Soc Lond B Biol Sci 369:
20130596.
Chih B, Engelman H, Scheiffele P. 2005. Control of excitatory and inhibitory
synapse formation by neuroligins. Science 307:1324–1328.
Chklovskii DB, Mel BW, Svoboda K. 2004. Cortical rewiring and information
storage. Nature 431:782–788.
Choquet D, Triller A. 2013. The dynamic synapse. Neuron 80:691–703.
Christopherson KS, Ullian EM, Stokes CC, Mullowney CE, Hell JW, Agah A,
Lawler J, Mosher DF, Bornstein P, Barres BA. 2005. Thrombospondins are
astrocyte-secretedproteinsthatpromoteCNSsynaptogenesis.Cell120:421–433.
Colombo JA, Reisin HD. 2004. Interlaminar astroglia of the cerebral cortex: A
marker of the primate brain. Brain Res 1006:126–131.
Colombo JA, Yanez A, Puissant V, Lipina S. 1995. Long, interlaminar astroglial
cell processes in the cortex of adult monkeys. J Neurosci Res 40:551–556.
Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ. 1990a. Glutamate
induces calcium waves in cultured astrocytes: Long-range glial signaling. Sci-
ence 247:470–473.
Cornell-Bell AH, Thomas PG, Smith SJ. 1990b. The excitatory neurotransmit-
ter glutamate causes filopodia formation in cultured hippocampal astrocytes.
Glia 3:322–334.
Cotrina ML, Nedergaard M. 2002. Astrocytes in the aging brain. J Neurosci
Res 67:1–10.
Danbolt NC. 2001. Glutamate uptake. Prog Neurobiol 65:1–105.
Dani A, Huang B, Bergan J, Dulac C, Zhuang X. 2010. Superresolution imag-
ing of chemical synapses in the brain. Neuron 68:843–856.
DeFelipe J, Alonso-Nanclares L, Arellano JI. 2002. Microstructure of the neo-
cortex: Comparative aspects. J Neurocytol 31:299–316.
Derouiche A, Frotscher M. 1991. Astroglial processes around identified gluta-
matergic synapses contain glutamine synthetase: Evidence for transmitter
degradation. Brain Res 552:346–350.
Derouiche A, Frotscher M. 2001. Peripheral astrocyte processes: Monitoring by
selective immunostaining for the actin-binding ERM proteins. Glia 36:330–341.
Devaraju P, Sun MY, Myers TL, Lauderdale K, Fiacco TA. 2013. Astrocytic
group I mGluR-dependent potentiation of astrocytic glutamate and potas-
sium uptake. J Neurophysiol 109:2404–2414.
Diamond JS, Bergles DE, Jahr CE. 1998. Glutamate release monitored with
astrocyte transporter currents during LTP. Neuron 21:425–433.
Ding JB, Takasaki KT, Sabatini BL. 2009. Supraresolution imaging in brain sli-
ces using stimulated-emission depletion two-photon laser scanning micros-
copy. Neuron 63:429–437.
Diniz LP, Almeida JC, Tortelli V, Vargas Lopes C, Setti-Perdigao P, Stipursky
J, Kahn SA, Romao LF, de Miranda J, Alves-Leon SV, de Souza JM, Castro
NG, Panizzutti R, Gomes FC. 2012. Astrocyte-induced synaptogenesis is
mediated by transforming growth factor beta signaling through modulation
of D-serine levels in cerebral cortex neurons. J Biol Chem 287:41432–41445.
Heller and Rusakov: Morphological Plasticity of Astroglia
Month 2015 15Diniz LP, Matias IC, Garcia MN, Gomes FC. 2014. Astrocytic control of neural
circuit formation: Highlights on TGF-beta signaling. Neurochem Int 78:18–27.
Dityatev A, Rusakov DA. 2011. Molecular signals of plasticity at the tetrapar-
tite synapse. Curr Opin Neurobiol 21:353–359.
Doherty J, Logan MA, Tasdemir OE, Freeman MR. 2009. Ensheathing glia func-
tion as phagocytes in the adult Drosophila brain. J Neurosci 29:4768–4781.
Doyle JP, Dougherty JD, Heiman M, Schmidt EF, Stevens TR, Ma G, Bupp S,
Shrestha P, Shah RD, Doughty ML, Gong S, Greengard P, Heintz N. 2008.
Application of a translational profiling approach for the comparative analyzis
of CNS cell types. Cell 135:749–762.
Emsley JG, Macklis JD. 2006. Astroglial heterogeneity closely reflects the
neuronal-defined anatomy of the adult murine CNS. Neuron Glia Biol 2:175–
186.
Eroglu C, Allen NJ, Susman MW, O’Rourke NA, Park CY, Ozkan E,
Chakraborty C, Mulinyawe SB, Annis DS, Huberman AD, Green EM, Lawler J,
Dolmetsch R, Garcia KC, Smith SJ, Luo ZD, Rosenthal A, Mosher DF, Barres
BA. 2009. Gabapentin receptor alpha2delta-1 is a neuronal thrombospondin
receptor responsible for excitatory CNS synaptogenesis. Cell 139:380–392.
Eroglu C, Barres BA. 2010. Regulation of synaptic connectivity by glia. Nature
468:223–231.
Faissner A, Pyka M, Geissler M, Sobik T, Frischknecht R, Gundelfinger ED,
Seidenbecher C. 2010. Contributions of astrocytes to synapse formation and
maturation - Potential functions of the perisynaptic extracellular matrix. Brain
Res Rev 63:26–38.
Fiacco TA, Agulhon C, Taves SR, Petravicz J, Casper KB, Dong X, Chen J,
McCarthy KD. 2007. Selective stimulation of astrocyte calcium in situ does
not affect neuronal excitatory synaptic activity. Neuron 54:611–626.
Fiala JC, Kirov SA, Feinberg MD, Petrak LJ, George P, Goddard CA, Harris
KM. 2003. Timing of neuronal and glial ultrastructure disruption during brain
slice preparation and recovery in vitro. J Comp Neurol 465:90–103.
Fields RD, Araque A, Johansen-Berg H, Lim SS, Lynch G, Nave KA,
Nedergaard M, Perez R, Sejnowski T, Wake H. 2014. Glial biology in learning
and cognition. Neuroscientist 20:426–431.
Filosa A, Paixao S, Honsek SD, Carmona MA, Becker L, Feddersen B,
Gaitanos L, Rudhard Y, Schoepfer R, Klopstock T, Kullander K, Rose CR,
Pasquale EB, Klein R. 2009. Neuron-glia communication via EphA4/ephrin-A3
modulates LTP through glial glutamate transport. Nat Neurosci 12:1285–1292.
Fornasiero EF, Opazo F. In press. Super-resolution imaging for cell biologists:
Concepts, applications, current challenges and developments. Bioessays.
Freeman MR. 2010. Specification and morphogenesis of astrocytes. Science
330:774–778.
Frischknecht R, Heine M, Perrais D, Seidenbecher CI, Choquet D,
Gundelfinger ED. 2009. Brain extracellular matrix affects AMPA receptor lat-
eral mobility and short-term synaptic plasticity. Nat Neurosci 12:897–904.
Frischknecht R, Seidenbecher CI. 2008. The crosstalk of hyaluronan-based
extracellular matrix and synapses. Neuron Glia Biol 4:249–257.
Furuta A, Rothstein JD, Martin LJ. 1997. Glutamate transporter protein sub-
types are expressed differentially during rat CNS development. J Neurosci
17:8363–8375.
Gallo V, Deneen B. 2014. Glial development: The crossroads of regeneration
and repair in the CNS. Neuron 83:283–308.
Garcia-Marques J, Lopez-Mascaraque L. 2013. Clonal identity determines
astrocyte cortical heterogeneity. Cereb Cortex 23:1463–1472.
Garcia O, Torres M, Helguera P, Coskun P, Busciglio J. 2010. A role for
thrombospondin-1 deficits in astrocyte-mediated spine and synaptic pathol-
ogy in Down’s syndrome. PLoS One 5:e14200.
Garrett AM, Weiner JA. 2009. Control of CNS synapse development by
{gamma}-protocadherin-mediated astrocyte-neuron contact. J Neurosci 29:
11723–11731.
Ge WP, Miyawaki A, Gage FH, Jan YN, Jan LY. 2012. Local generation of
glia is a major astrocyte source in postnatal cortex. Nature 484:376–380.
Genoud C, Quairiaux C, Steiner P, Hirling H, Welker E, Knott GW. 2006. Plas-
ticity of astrocytic coverage and glutamate transporter expression in adult
mouse cortex. PLoS Biol 4:e343.
Grumet M, Hoffman S, Chuong CM, Edelman GM. 1984. Polypeptide com-
ponents and binding functions of neuron-glia cell adhesion molecules. Proc
Natl Acad Sci USA 81:7989–7993.
Haber M, Zhou L, Murai KK. 2006. Cooperative astrocyte and dendritic spine
dynamics at hippocampal excitatory synapses. J Neurosci 26:8881–8891.
Halassa MM, Fellin T, Haydon PG. 2007a. The tripartite synapse: Roles for
gliotransmission in health and disease. Trends Mol Med 13:54–63.
Halassa MM, Fellin T, Takano H, Dong JH, Haydon PG. 2007b. Synaptic
islands defined by the territory of a single astrocyte. J Neurosci 27:6473–
6477.
Halassa MM, Haydon PG. 2010. Integrated brain circuits: Astrocytic networks
modulate neuronal activity and behavior. Annu Rev Physiol 72:335–355.
Han X, Chen M, Wang F, Windrem M, Wang S, Shanz S, Xu Q, Oberheim
NA, Bekar L, Betstadt S, Silva AJ, Takano T, Goldman SA, Nedergaard M.
2013. Forebrain engraftment by human glial progenitor cells enhances synap-
tic plasticity and learning in adult mice. Cell Stem Cell 12:342–353.
Hatton GI. 1997. Function-related plasticity in hypothalamus. Annu Rev Neu-
rosci 20:375–397.
Haugeto O, Ullensvang K, Levy LM, Chaudhry FA, Honore T, Nielsen M,
Lehre KP, Danbolt NC. 1996. Brain glutamate transporter proteins form
homomultimers. J Biol Chem 271:27715–27722.
Hawrylak N, Chang FL, Greenough WT. 1993. Astrocytic and synaptic
response to kindling in hippocampal subfield CA1. II. Synaptogenesis and
astrocytic process increases to in vivo kindling. Brain Res 603:309–316.
Haydon PG. 2001. GLIA: Listening and talking to the synapse. Nat Rev Neu-
rosci 2:185–193.
Heikkinen A, Pihlajaniemi T, Faissner A, Yuzaki M. 2014. Neural ECM and syn-
aptogenesis. Prog Brain Res 214:29–51.
Henneberger C, Papouin T, Oliet SH, Rusakov DA. 2010. Long-term potentia-
tion depends on release of D-serine from astrocytes. Nature 463:232–236.
Higashi K, Fujita A, Inanobe A, Tanemoto M, Doi K, Kubo T, Kurachi Y. 2001.
An inwardly rectifying K(1) channel, Kir4.1, expressed in astrocytes surrounds
synapses and blood vessels in brain. Am J Physiol Cell Physiol 281:C922–C931.
Hirrlinger J, Hulsmann S, Kirchhoff F. 2004. Astroglial processes show sponta-
neous motility at active synaptic terminals in situ. Eur J Neurosci 20:2235–
2239.
Houades V, Koulakoff A, Ezan P, Seif I, Giaume C. 2008. Gap junction-
mediated astrocytic networks in the mouse barrel cortex. J Neurosci 28:
5207–5217.
Iino M, Goto K, Kakegawa W, Okado H, Sudo M, Ishiuchi S, Miwa A,
Takayasu Y, Saito I, Tsuzuki K, Ozawa S. 2001. Glia-synapse interaction
through Ca21-permeable AMPA receptors in Bergmann glia. Science 292:
926–929.
Jackson JG, O’Donnell JC, Takano H, Coulter DA, Robinson MB. 2014. Neu-
ronal activity and glutamate uptake decrease mitochondrial mobility in astro-
cytes and position mitochondria near glutamate transporters. J Neurosci 34:
1613–1624.
Jones EV, Bernardinelli Y, Tse YC, Chierzi S, Wong TP, Murai KK. 2011.
Astrocytes control glutamate receptor levels at developing synapses through
SPARC-beta-integrin interactions. J Neurosci 31:4154–4165.
Jones EV, Bouvier DS. 2014. Astrocyte-secreted matricellular proteins in CNS
remodeling during development and disease. Neural Plast 2014:321209.
Jones TA, Greenough WT. 1996. Ultrastructural evidence for increased con-
tact between astrocytes and synapses in rats reared in a complex environ-
ment. Neurobiol Learn Mem 65:48–56.
Jourdain P, Bergersen LH, Bhaukaurally K, Bezzi P, Santello M, Domercq M,
Matute C, Tonello F, Gundersen V, Volterra A. 2007. Glutamate exocytosis
from astrocytes controls synaptic strength. Nat Neurosci 10:331–339.
16 Volume 00, No. 00Kang K, Lee SW, Han JE, Choi JW, Song MR. 2014. The complex morphol-
ogy of reactive astrocytes controlled by fibroblast growth factor signaling.
Glia 62:1328-1344.
Kanski R, van Strien ME, van Tijn P, Hol EM. 2014. A star is born: New
insights into the mechanism of astrogenesis. Cell Mol Life Sci 71:433–447.
Kim JG, Suyama S, Koch M, Jin S, Argente-Arizon P, Argente J, Liu ZW,
Zimmer MR, Jeong JK, Szigeti-Buck K, Gao Y, Garcia-Caceres C, Yi CX,
Salmaso N, Vaccarino FM, Chowen J, Diano S, Dietrich MO, Tschop MH,
Horvath TL. 2014. Leptin signaling in astrocytes regulates hypothalamic neu-
ronal circuits and feeding. Nat Neurosci 17:908–910.
Kimelberg HK. 2010. Functions of mature mammalian astrocytes: A current
view. Neuroscientist 16:79–106.
Kinney JP, Spacek J, Bartol TM, Bajaj CL, Harris KM, Sejnowski TJ. 2013.
Extracellular sheets and tunnels modulate glutamate diffusion in hippocampal
neuropil. J Comp Neurol 521:448–464.
Klar TA, Jakobs S, Dyba M, Egner A, Hell SW. 2000. Fluorescence micros-
copy with diffraction resolution barrier broken by stimulated emission. Proc
Natl Acad Sci USA 97:8206–8210.
Kucukdereli H, Allen NJ, Lee AT, Feng A, Ozlu MI, Conatser LM, Chakraborty
C, Workman G, Weaver M, Sage EH, Barres BA, Eroglu C. 2011. Control of
excitatory CNS synaptogenesis by astrocyte-secreted proteins Hevin and
SPARC. Proc Natl Acad Sci USA 108:E440–E449.
Kwon HB, Sabatini BL. 2011. Glutamate induces de novo growth of functional
spines in developing cortex. Nature 474:100–104.
Lalo U, Palygin O, North RA, Verkhratsky A, Pankratov Y. 2011. Age-depend-
ent remodeling of ionotropic signaling in cortical astroglia. Aging Cell 10:
392–402.
Lange SC, Bak LK, Waagepetersen HS, Schousboe A, Norenberg MD. 2012.
Primary cultures of astrocytes: Their value in understanding astrocytes in
health and disease. Neurochem Res 37:2569–2588.
Lavialle M, Aumann G, Anlauf E, Prols F, Arpin M, Derouiche A. 2011. Struc-
tural plasticity of perisynaptic astrocyte processes involves ezrin and metabo-
tropic glutamate receptors. Proc Natl Acad Sci USA 108:12915–12919.
Lehre KP, Danbolt NC. 1998. The number of glutamate transporter subtype
molecules at glutamatergic synapses: Chemical and stereological quantifica-
tion in young adult rat brain. J Neurosci 18:8751–8757.
Lehre KP, Rusakov DA. 2002. Asymmetry of glia near central synapses favors
presynaptically directed glutamate escape. Biophys J 83:125–134.
Li Y, Serwanski DR, Miralles CP, Fiondella CG, Loturco JJ, Rubio ME, De Blas
AL. 2010. Synaptic and nonsynaptic localization of protocadherin-gammaC5
in the rat brain. J Comp Neurol 518:3439–3463.
Lippman Bell JJ, Lordkipanidze T, Cobb N, Dunaevsky A. 2010. Bergmann
glial ensheathment of dendritic spines regulates synapse number without
affecting spine motility. Neuron Glia Biol 6:193–200.
Lippman JJ, Lordkipanidze T, Buell ME, Yoon SO, Dunaevsky A. 2008. Mor-
phogenesis and regulation of Bergmann glial processes during Purkinje cell
dendritic spine ensheathment and synaptogenesis. Glia 56:1463–1477.
Lovatt D, Sonnewald U, Waagepetersen HS, Schousboe A, He W, Lin JH,
Han X, Takano T, Wang S, Sim FJ, Goldman SA, Nedergaard M. 2007. The
transcriptome and metabolic gene signature of protoplasmic astrocytes in
the adult murine cortex. J Neurosci 27:12255–12266.
Lundgaard I, Osorio MJ, Kress BT, Sanggaard S, Nedergaard M. 2014. White
matter astrocytes in health and disease. Neuroscience 276:161–173.
Lushnikova I, Skibo G, Muller D, Nikonenko I. 2009. Synaptic potentiation
induces increased glial coverage of excitatory synapses in CA1 hippocampus.
Hippocampus 19:753–762.
Lutz SE, Zhao Y, Gulinello M, Lee SC, Raine CS, Brosnan CF. 2009. Deletion
of astrocyte connexins 43 and 30 leads to a dysmyelinating phenotype and
hippocampal CA1 vacuolation. J Neurosci 29:7743–7752.
Matsumoto Y, Inden M, Tamura A, Hatano R, Tsukita S, Asano S. 2014. Ezrin
mediates neuritogenesis via down-regulation of RhoA activity in cultured cort-
ical neurons. PLoS One 9:e105435.
Matsuzaki M, Ellis-Davies GC, Nemoto T, Miyashita Y, Iino M, Kasai H. 2001.
Dendritic spine geometry is critical for AMPA receptor expression in hippo-
campal CA1 pyramidal neurons. Nat Neurosci 4:1086–1092.
Matthias K, Kirchhoff F, Seifert G, Huttmann K, Matyash M, Kettenmann H,
Steinhauser C. 2003. Segregated expression of AMPA-type glutamate recep-
tors and glutamate transporters defines distinct astrocyte populations in the
mouse hippocampus. J Neurosci 23:1750–1758.
Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto A, Pfrieger
FW. 2001. CNS synaptogenesis promoted by glia-derived cholesterol. Sci-
ence 294:1354–1357.
Medintz IL, Uyeda HT, Goldman ER, Mattoussi H. 2005. Quantum dot bio-
conjugates for imaging, labeling and sensing. Nat Mater 4:435–446.
Medvedev N, Popov V, Henneberger C, Kraev I, Rusakov DA, Stewart MG.
2014. Glia selectively approach synapses on thin dendritic spines. Philos
Trans R Soc Lond B Biol Sci 369:20140047.
Miller JA, Horvath S, Geschwind DH. 2010. Divergence of human and mouse
brain transcriptome highlights Alzheimer disease pathways. Proc Natl Acad
Sci USA 107:12698–12703.
Min R, Nevian T. 2012. Astrocyte signaling controls spike timing-dependent
depression at neocortical synapses. Nat Neurosci 15:746–753.
Mitchell SJ, Silver RA. 2000. GABA spillover from single inhibitory axons sup-
presses low-frequency excitatory transmission at the cerebellar glomerulus.
J Neurosci 20:8651–8658.
Molofsky AV, Krencik R, Ullian EM, Tsai HH, Deneen B, Richardson WD,
Barres BA, Rowitch DH. 2012. Astrocytes and disease: A neurodevelopmental
perspective. Genes Dev 26:891–907.
Molotkov D, Zobova S, Arcas JM, Khiroug L. 2013. Calcium-induced out-
growth of astrocytic peripheral processes requires actin binding by Profilin-1.
Cell Calcium 53:338–348.
Mongin AA, Kimelberg HK. 2005. ATP regulates anion channel-mediated
organic osmolyte release from cultured rat astrocytes via multiple Ca21-
sensitive mechanisms. Am J Physiol Cell Physiol 288:C204–C213.
Montagnese C, Poulain DA, Vincent JD, Theodosis DT. 1988. Synaptic and
neuronal-glial plasticity in the adult oxytocinergic system in response to phys-
iological stimuli. Brain Res Bull 20:681–692.
Murai KK, Nguyen LN, Irie F, Yamaguchi Y, Pasquale EB. 2003. Control of
hippocampal dendritic spine morphology through ephrin-A3/EphA4 signal-
ing. Nat Neurosci 6:153–160.
Murai KK, Pasquale EB. 2004. Eph receptors, ephrins, and synaptic function.
Neuroscientist 10:304–314.
Murphy-Royal C, Dupuis JP, Varela JA, Panatier A, Pinson B, Baufreton J,
Groc L, Oliet SH. 2015. Surface diffusion of astrocytic glutamate transporters
shapes synaptic transmission. Nat Neurosci 18:219–226.
Nagelhus EA, Horio Y, Inanobe A, Fujita A, Haug FM, Nielsen S, Kurachi Y,
Ottersen OP. 1999. Immunogold evidence suggests that coupling of K1
siphoning and water transport in rat retinal Muller cells is mediated by a
coenrichment of Kir4.1 and AQP4 in specific membrane domains. Glia 26:47–
54.
Nagelhus EA, Mathiisen TM, Ottersen OP. 2004. Aquaporin-4 in the central
nervous system: Cellular and subcellular distribution and coexpression with
KIR4.1. Neuroscience 129:905–913.
Namihira M, Nakashima K. 2013. Mechanisms of astrocytogenesis in the
mammalian brain. Curr Opin Neurobiol 23:921–927.
Navarrete M, Perea G, Fernandez de Sevilla D, Gomez-Gonzalo M, Nunez A,
Martin ED, Araque A. 2012. Astrocytes mediate in vivo cholinergic-induced
synaptic plasticity. PLoS Biol 10:e1001259.
Navarrete M, Perea G, Maglio L, Pastor J, Garcia de Sola R, Araque A. 2013.
Astrocyte calcium signal and gliotransmission in human brain tissue. Cereb
Cortex 23:1240–1246.
Nedergaard M, Ransom B, Goldman SA. 2003. New roles for astrocytes:
Redefining the functional architecture of the brain. Trends Neurosci 26:523–
530.
Heller and Rusakov: Morphological Plasticity of Astroglia
Month 2015 17Nestor MW, Mok LP, Tulapurkar ME, Thompson SM. 2007. Plasticity of
neuron-glial interactions mediated by astrocytic EphARs. J Neurosci 27:
12817–12828.
Newman EA. 1993. Inward-rectifying potassium channels in retinal glial (Mul-
ler) cells. J Neurosci 13:3333–3345.
Nichols NR. 1999. Glial responses to steroids as markers of brain aging.
J Neurobiol 40:585–601.
Nishida H, Okabe S. 2007. Direct astrocytic contacts regulate local matura-
tion of dendritic spines. J Neurosci 27:331–340.
Nixdorf-Bergweiler BE, Albrecht D, Heinemann U. 1994. Developmental
changes in the number, size, and orientation of GFAP-positive cells in the
CA1 region of rat hippocampus. Glia 12:180–195.
Oberheim NA, Goldman SA, Nedergaard M. 2012. Heterogeneity of astro-
cytic form and function. Methods Mol Biol 814:23–45.
Oberheim NA, Takano T, Han X, He W, Lin JH, Wang F, Xu Q, Wyatt JD,
Pilcher W, Ojemann JG, Ransom BR, Goldman SA, Nedergaard M. 2009.
Uniquely hominid features of adult human astrocytes. J Neurosci 29:3276–3287.
Oberheim NA, Wang X, Goldman S, Nedergaard M. 2006. Astrocytic com-
plexity distinguishes the human brain. Trends Neurosci 29:547–553.
Oliet SH, Panatier A, Piet R, Mothet JP, Poulain DA, Theodosis DT. 2008.
Neuron-glia interactions in the rat supraoptic nucleus. Prog Brain Res 170:
109–117.
Oliet SH, Piet R, Poulain DA. 2001. Control of glutamate clearance and syn-
aptic efficacy by glial coverage of neurons. Science 292:923–926.
Ostroff LE, Manzur MK, Cain CK, Ledoux JE. 2014. Synapses lacking astro-
cyte appear in the amygdala during consolidation of Pavlovian threat condi-
tioning. J Comp Neurol 522:2152–2163.
Panatier A, Arizono M, Nagerl UV. 2014. Dissecting tripartite synapses with
STED microscopy. Philos Trans R Soc Lond B Biol Sci 369:20130597.
Panatier A, Theodosis DT, Mothet JP, Touquet B, Pollegioni L, Poulain DA,
Oliet SH. 2006. Glia-derived D-serine controls NMDA receptor activity and
synaptic memory. Cell 125:775–784.
Pannasch U, Freche D, Dallerac G, Ghezali G, Escartin C, Ezan P, Cohen-
Salmon M, Benchenane K, Abudara V, Dufour A, Lubke JH, Deglon N, Knott
G, Holcman D, Rouach N. 2014. Connexin 30 sets synaptic strength by con-
trolling astroglial synapse invasion. Nat Neurosci 17:549–558.
Pannasch U, Rouach N. 2013. Emerging role for astroglial networks in infor-
mation processing: From synapse to behavior. Trends Neurosci 36:405–417.
Pannasch U, Vargova L, Reingruber J, Ezan P, Holcman D, Giaume C, Sykova
E, Rouach N. 2011. Astroglial networks scale synaptic activity and plasticity.
Proc Natl Acad Sci USA 108:8467–8472.
Papouin T, Ladepeche L, Ruel J, Sacchi S, Labasque M, Hanini M, Groc L,
Pollegioni L, Mothet JP, Oliet SH. 2012. Synaptic and extrasynaptic NMDA
receptors are gated by different endogenous coagonists. Cell 150:633–
646.
Parnavelas JG, Luder R, Pollard SG, Sullivan K, Lieberman AR. 1983. A quali-
tative and quantitative ultrastructural study of glial cells in the developing vis-
ual cortex of the rat. Philos Trans R Soc Lond B Biol Sci 301:55–84.
Parri HR, Gould TM, Crunelli V. 2001. Spontaneous astrocytic Ca21 oscilla-
tions in situ drive NMDAR-mediated neuronal excitation. Nat Neurosci 4:
803–812.
Patrushev I, Gavrilov N, Turlapov V, Semyanov A. 2013. Subcellular location
of astrocytic calcium stores favors extrasynaptic neuron-astrocyte communica-
tion. Cell Calcium 54:343–349.
Perea G, Araque A. 2007. Astrocytes potentiate transmitter release at single
hippocampal synapses. Science 317:1083–1086.
Perea G, Navarrete M, Araque A. 2009. Tripartite synapses: Astrocytes pro-
cess and control synaptic information. Trends Neurosci 32:421–431.
Perez-Alvarez A, Navarrete M, Covelo A, Martin ED, Araque A. 2014. Struc-
tural and functional plasticity of astrocyte processes and dendritic spine inter-
actions. J Neurosci 34:12738–12744.
Petravicz J, Fiacco TA, McCarthy KD. 2008. Loss of IP3 receptor-dependent
Ca21 increases in hippocampal astrocytes does not affect baseline CA1
pyramidal neuron synaptic activity. J Neurosci 28:4967–4973.
Piet R, Poulain DA, Oliet SH. 2004a. Contribution of astrocytes to synaptic
transmission in the rat supraoptic nucleus. Neurochem Int 45:251–257.
Piet R, Vargova L, Sykova E, Poulain DA, Oliet SH. 2004b. Physiological con-
tribution of the astrocytic environment of neurons to intersynaptic crosstalk.
Proc Natl Acad Sci USA 101:2151–2155.
Porras OH, Ruminot I, Loaiza A, Barros LF. 2008. Na(1)-Ca(21) cosignaling in the
stimulation of the glucose transporter GLUT1 in cultured astrocytes. Glia 56:59–68.
Pyka M, Wetzel C, Aguado A, Geissler M, Hatt H, Faissner A. 2011. Chon-
droitin sulfate proteoglycans regulate astrocyte-dependent synaptogenesis
and modulate synaptic activity in primary embryonic hippocampal neurons.
Eur J Neurosci 33:2187–2202.
Regan MR, Huang YH, Kim YS, Dykes-Hoberg MI, Jin L, Watkins AM, Bergles
DE, Rothstein JD. 2007. Variations in promoter activity reveal a differential
expression and physiology of glutamate transporters by glia in the develop-
ing and mature CNS. J Neurosci 27:6607–6619.
Reichenbach A, Derouiche A, Kirchhoff F. 2010. Morphology and dynamics of
perisynaptic glia. Brain Res Rev 63:11–25.
Risher WC, Eroglu C. 2012. Thrombospondins as key regulators of synapto-
genesis in the central nervous system. Matrix Biol 31:170–177.
Rodnight RB, Gottfried C. 2013. Morphological plasticity of rodent astroglia.
J Neurochem 124:263–275.
Rodriguez JJ, Yeh CY, Terzieva S, Olabarria M, Kulijewicz-Nawrot M,
Verkhratsky A. 2014. Complex and region-specific changes in astroglial
markers in the aging brain. Neurobiol Aging 35:15–23.
Rollenhagen A, Satzler K, Rodriguez EP, Jonas P, Frotscher M, Lubke JH.
2007. Structural determinants of transmission at large hippocampal mossy
fiber synapses. J Neurosci 27:10434–10444.
Roybon L, Lamas NJ, Garcia-Diaz A, Yang EJ, Sattler R, Jackson-Lewis V, Kim
YA, Kachel CA, Rothstein JD, Przedborski S, Wichterle H, Henderson CE.
2013. Human stem cell-derived spinal cord astrocytes with defined mature or
reactive phenotypes. Cell Rep 4:1035–1048.
Rusakov DA. 2001. The role of perisynaptic glial sheaths in glutamate spill-
over and extracellular Ca(21) depletion. Biophys J 81:1947–1959.
Rusakov DA, Bard L, Stewart MG, Henneberger C. 2014. Diversity of astroglial
functions alludes to subcellular specialisation. Trends Neurosci 37:228–242.
Rusakov DA, Harrison E, Stewart MG. 1998. Synapses in hippocampus
occupy only 1-2% of cell membranes and are spaced less than half-micron
apart: A quantitative ultrastructural analyzis with discussion of physiological
implications. Neuropharmacology 37:513–521.
Rusakov DA, Zheng K, Henneberger C. 2011. Astrocytes as regulators of
synaptic function: A quest for the Ca21 master key. Neuroscientist 17:513–
523.
Rusnakova V, Honsa P, Dzamba D, Stahlberg A, Kubista M, Anderova M.
2013. Heterogeneity of astrocytes: from development to injury - Single cell
gene expression. PLoS One 8:e69734.
Safavi-Abbasi S, Wolff JR, Missler M. 2001. Rapid morphological changes in
astrocytes are accompanied by redistribution but not by quantitative changes
of cytoskeletal proteins. Glia 36:102-115.
Sahlender DA, Savtchouk I, Volterra A. 2014. What do we know about gliotransmit-
ter release from astrocytes? Philos Trans R Soc Lond B Biol Sci 369:20130592.
Salm AK. 2000. Mechanisms of glial retraction in the hypothalamo-
neurohypophysial system of the rat. Exp Physiol 85:197S–202S.
Sandau US, Alderman Z, Corfas G, Ojeda SR, Raber J. 2012. Astrocyte-spe-
cific disruption of SynCAM1 signaling results in ADHD-like behavioral mani-
festations. PLoS One 7:e36424.
Seidel B, Zuschratter W, Wex H, Garner CC, Gundelfinger ED. 1995. Spatial
and sub-cellular localization of the membrane cytoskeleton-associated protein
alpha-adducin in the rat brain. Brain Res 700:13–24.
18 Volume 00, No. 00Seifert G, Huttmann K, Binder DK, Hartmann C, Wyczynski A, Neusch C,
Steinhauser C. 2009. Analyzis of astroglial K1 channel expression in the
developing hippocampus reveals a predominant role of the Kir4.1 subunit.
J Neurosci 29:7474–7488.
Sheng JG, Mrak RE, Rovnaghi CR, Kozlowska E, Van Eldik LJ, Griffin WS. 1996.
Human brain S100 beta and S100 beta mRNA expression increases with age:
Pathogenic implications for Alzheimer’s disease. Neurobiol Aging 17:359–363.
Sherwood CC, Stimpson CD, Raghanti MA, Wildman DE, Uddin M,
Grossman LI, Goodman M, Redmond JC, Bonar CJ, Erwin JM, Hof PR. 2006.
Evolution of increased glia-neuron ratios in the human frontal cortex. Proc
Natl Acad Sci USA 103:13606–13611.
Shrivastava AN,Kowalewski JM,RennerM, Bousset L,Koulakoff A, Melki R,Giaume
C, Triller A. 2013. beta-amyloid and ATP-induced diffusional trapping of astrocyte
andneuronal metabotropic glutamate type-5 receptors. Glia 61:1673–1686.
Simard M, Nedergaard M. 2004. The neurobiology of glia in the context of
water and ion homeostasis. Neuroscience 129:877–896.
Sloan SA, Barres BA. 2014. Mechanisms of astrocyte development and their
contributions to neurodevelopmental disorders. Curr Opin Neurobiol 27:75–81.
Sosunov AA, Wu X, Tsankova NM, Guilfoyle E, McKhann GM, 2nd, Goldman
JE. 2014. Phenotypic heterogeneity and plasticity of isocortical and hippo-
campal astrocytes in the human brain. J Neurosci 34:2285–2298.
Spacek J, Harris KM. 1998. Three-dimensional organization of cell adhesion
junctions at synapses and dendritic spines in area CA1 of the rat hippocam-
pus. J Comp Neurol 393:58–68.
Stellwagen D, Malenka RC. 2006. Synaptic scaling mediated by glial TNF-
alpha. Nature 440:1054–1059.
Stork T, Sheehan A, Tasdemir-Yilmaz OE, Freeman MR. 2014. Neuron-glia
interactions through the Heartless FGF receptor signaling pathway mediate
morphogenesis of Drosophila astrocytes. Neuron 83:388–403.
Sun W, McConnell E, Pare JF, Xu Q, Chen M, Peng W, Lovatt D, Han X,
Smith Y, Nedergaard M. 2013. Glutamate-dependent neuroglial calcium sig-
naling differs between young and adult brain. Science 339:197–200.
Suzuki A, Stern SA, Bozdagi O, Huntley GW, Walker RH, Magistretti PJ,
Alberini CM. 2011. Astrocyte-neuron lactate transport is required for long-
term memory formation. Cell 144:810–823.
Sylantyev S, Savtchenko LP, Ermolyuk Y, Michaluk P, Rusakov DA. 2013.
Spike-driven glutamate electrodiffusion triggers synaptic potentiation via a
homer-dependent mGluR-NMDAR link. Neuron 77:528–541.
Tamaru Y, Nomura S, Mizuno N, Shigemoto R. 2001. Distribution of metabo-
tropic glutamate receptor mGluR3 in the mouse CNS: Differential location
relative to pre- and postsynaptic sites. Neuroscience 106:481–503.
Tanaka M, Shih PY, Gomi H, Yoshida T, Nakai J, Ando R, Furuichi T,
Mikoshiba K, Semyanov A, Itohara S. 2013. Astrocytic Ca21 signals are
required for the functional integrity of tripartite synapses. Mol Brain 6:6.
Thalhammer A, Cingolani LA. 2014. Cell adhesion and homeostatic synaptic
plasticity. Neuropharmacology 78:23–30.
Theodosis DT. 2002. Oxytocin-secreting neurons: A physiological model of
morphological neuronal and glial plasticity in the adult hypothalamus. Front
Neuroendocrinol 23:101–135.
Theodosis DT, Piet R, Poulain DA, Oliet SH. 2004. Neuronal, glial and synap-
tic remodeling in the adult hypothalamus: Functional consequences and role
of cell surface and extracellular matrix adhesion molecules. Neurochem Int
45:491–501.
Theodosis DT, Poulain DA. 1993. Activity-dependent neuronal-glial and synap-
tic plasticity in the adult mammalian hypothalamus. Neuroscience 57:501–535.
Theodosis DT, Poulain DA, Vincent JD. 1981. Possible morphological bases
for synchronisation of neuronal firing in the rat supraoptic nucleus during lac-
tation. Neuroscience 6:919–929.
Thomas CG, Tian H, Diamond JS. 2011. The relative roles of diffusion and
uptake in clearing synaptically released glutamate change during early post-
natal development. J Neurosci 31:4743–4754.
Thrane AS, Rappold PM, Fujita T, Torres A, Bekar LK, Takano T, Peng W,
Wang F, Rangroo Thrane V, Enger R, Haj-Yasein NN, Skare O, Holen T,
Klungland A, Ottersen OP, Nedergaard M, Nagelhus EA. 2011. Critical role
of aquaporin-4 (AQP4) in astrocytic Ca21 signaling events elicited by cere-
bral edema. Proc Natl Acad Sci USA 108:846–851.
Tonnesen J, Katona G, Rozsa B, Nagerl UV. 2014. Spine neck plasticity regu-
lates compartmentalization of synapses. Nat Neurosci 17:678–685.
Tonnesen J, Nadrigny F, Willig KI, Wedlich-Soldner R, Nagerl UV. 2011. Two-
color STED microscopy of living synapses using a single laser-beam pair. Bio-
phys J 101:2545–2552.
Tremblay ME, Riad M, Chierzi S, Murai KK, Pasquale EB, Doucet G. 2009.
Developmental course of EphA4 cellular and subcellular localization in the
postnatal rat hippocampus. J Comp Neurol 512:798–813.
Tzingounis AV, Wadiche JI. 2007. Glutamate transporters: Confining runaway
excitation by shaping synaptic transmission. Nat Rev Neurosci 8:935–947.
Ugbode CI, Hirst WD, Rattray M. 2014. Neuronal influences are necessary to
produce mitochondrial co-localization with glutamate transporters in astro-
cytes. J Neurochem 130:668–677.
Ventura R, Harris KM. 1999. Three-dimensional relationships between hippo-
campal synapses and astrocytes. J Neurosci 19:6897–6906.
Verbich D, Prenosil GA, Chang PK, Murai KK, McKinney RA. 2012. Glial gluta-
mate transport modulates dendritic spine head protrusions in the hippocam-
pus. Glia 60:1067–1077.
Verkhratsky A, Kettenmann H. 1996. Calcium signaling in glial cells. Trends
Neurosci 19:346–352.
Verkhratsky A, Orkand RK, Kettenmann H. 1998. Glial calcium: Homeostasis
and signaling function. Physiol Rev 78:99–141.
Volterra A, Liaudet N, Savtchouk I. 2014. Astrocyte Ca(2)(1) signaling: An
unexpected complexity. Nat Rev Neurosci 15:327–335.
Weaver J. 2012. A new look at “filler cells” in the brain reveals their role in
learning. PLoS Biol 10:e1001263.
Wenzel J, Lammert G, Meyer U, Krug M. 1991. The influence of long-term poten-
tiation on the spatial relationship between astrocyte processes and potentiated
synapses in the dentate gyrus neuropil of rat brain. Brain Res 560:122–131.
Wilhelmsson U, Bushong EA, Price DL, Smarr BL, Phung V, Terada M,
Ellisman MH, Pekny M. 2006. Redefining the concept of reactive astrocytes
as cells that remain within their unique domains upon reaction to injury. Proc
Natl Acad Sci USA 103:17513–17518.
Windrem MS, Schanz SJ, Morrow C, Munir J, Chandler-Militello D, Wang S,
Goldman SA. 2014. A competitive advantage by neonatally engrafted human
glial progenitors yields mice whose brains are chimeric for human glia.
J Neurosci 34:16153–16161.
Witcher MR, Kirov SA, Harris KM. 2007. Plasticity of perisynaptic astroglia
during synaptogenesis in the mature rat hippocampus. Glia 55:13–23.
Xu-Friedman MA, Harris KM, Regehr WG. 2001. Three-dimensional compari-
son of ultrastructural characteristics at depressing and facilitating synapses
onto cerebellar Purkinje cells. J Neurosci 21:6666–6672.
Yamanaka M, Smith NI, Fujita K. 2014. Introduction to super-resolution
microscopy. Microscopy (Oxf) 63:177–192.
Yang Y, Gozen O, Watkins A, Lorenzini I, Lepore A, Gao Y, Vidensky S,
Brennan J, Poulsen D, Won Park J, Li Jeon N, Robinson MB, Rothstein JD.
2009. Presynaptic regulation of astroglial excitatory neurotransmitter trans-
porter GLT1. Neuron 61:880–894.
Yeh TH, Lee da Y, Gianino SM, Gutmann DH. 2009. Microarray analyses
reveal regional astrocyte heterogeneity with implications for neurofibromato-
sis type 1 (NF1)-regulated glial proliferation. Glia 57:1239–1249.
Zheng K, Scimemi A, Rusakov DA. 2008. Receptor actions of synaptically
released glutamate: The role of transporters on the scale from nanometers to
microns. Biophys J 95:4584–4596.
Zhong H. In press. Applying superresolution localization-based microscopy to
neurons. Synapse.
Heller and Rusakov: Morphological Plasticity of Astroglia
Month 2015 19